The behaviour of reinforced concrete cantilever columns under lateral impact load by Loedolff, Matthys Johannes
THE BEHAVIOUR OF REINFORCED
CONCRETE CANTILEVER COLUMNS
UNDER LATERAL IMPACT LOAD
by
Matthys Johannes Loedolff
Dissertation presented for the




Promoter: Prof. J M Louw
September 1989
THE BEHAVIOUR OF REINFORCED
CONCRETE CANTILEVER COLUMNS








1 t.llt" lmder~ignptl dl"~'l£1L"F' that
dissert.aticJfl 1· C'
'.'
(Jr' i It inal work IOlnd nut prpviously





courses w~re completed satisfactorily.
Advanced Structural Design (SB03)
Theory of Ela~ticity (SM02)
St,ocbast.ic: St.ruct,IJral DyrJI1H1 i ('f] (:~~t-l04)





behaviour (,f 28 re i n f(lr('f~{!
eppliF-rj






variables (:onsider'-'ol werR !.lw !llng-nit-ud.- ul tht:: lateral loadirlg.
ChflptAr 1 it.: r' <:1 t I : r e • e-arly
damage'01C i '/f '~;....,,'
I " i flip '\' . t
pt":Jblt:"rn "f i ,·,int",·!,,·,·d
• } j ~ ~ !. t • ! - ::1 ~ : 'J'J •.• ] 1 ,
.It :,1 . ': u t. i ,- I,:; :','or tho:
In th,'" :'I(,,;r.:HI j ":-\ 1 and
t.aki ng
c.1",("'-Jlltl t. dE- f" rmi"l t. i on ,
Stellenbosch University http://scholar.sun.ac.za
( jj )
Chapter (j d(~,t11:; wi th thu ,'orn:: 1<:1t i'in h.-·t W':'~'l I hr- f reI' 'HId f{JI·(·f:od
vibrn1 icon Lbn(.ry dprivpd in (:hM!>t'.'r ~, and th.-· ;-xppriwen f al t:.=f;t






with ffj.'l1::;urt-:d values froCl! the
,_ f grtipbs. Thf:: !Il.::a:;;ured
rnetlBured ] oads t ranf:fer'red t.n
the laboratory floor are uornpared ';/i tb tht~ VFt]liPS from the
t.heory.
Chftpt,er 7 dis (:l.W:'; F~~; the /C:xpe r' i rnent.i1l j (J v(~~t.igat. i (Jn~; . A11 tbe
pElr<:trneter8 invE!!";till,atr:d ar,,' d i :;cl.lssed and th.~ impact tF:f.::t resul ts
are compared with the static test results. ThA influenc~s of the
I'txial ] I)ad, tho:: ('on,'ret.e f;t.rength, the ;;bear reinforcement and
tb~ 1,\t1p:it.udinn} 1' .. ·it,f"p· ..... 'J1ent, as WI? 1 1 a~; the repef:1t,abil ity of
t.hese t,:::ts, ::n",-' di;;,-·IJf;serl. A number uf grFtph~ Ftt·~ lJ~ed to
Th(-·
f j ;:,1 d
,'l ..·;' i I~n n~et.horl. for
suggestpd desien
the0ry of ~ollins
thi~ specifi~ ~rohlem is
j;; baGE"d on the rnodifit?d
A lower bound
and a upper h(,IIr'j'! :-,,,1111 i,"n ."'-1'1':' sUf;eo:·~..:tJ:r) arid f:h"I,o'fl ,-'t! [] ~raph.
1'1'1.,.., IflOW('nt,/::h",<II' f:I';;ph" f,or f~8Ch s0rl":; ':' ,·(,!umns are: !;hown ::1r'.j
-' .s Append i x
The report discusses
Clot otlly t.b.:· f:xpf'ri.mt:'nf-.al <lrranttt?ment.. but also UltC' design of
Each t,est is
All tilt? ,-,,'iginal data are
re 1e van t f' I', "''"'!~ ,;. ,,J ,1<\ t ..'=1
Stellenbosch University http://scholar.sun.ac.za
(i i i )
OPSOMMING,
Die gedrag van 28 gewapAnde bet,on kant,pdkolomme rJnder 1 aterale
skoklaste aangewend in die orngewing van midhoogte, word
eksperimenteel ondersoek. Op ag verdere kolornme is ' n f:tatiese
laterale las aangewend. Die bel~ngrik9te verander]ik~s wet
ondersoek is, is die groo"lt.e van die h ..terale ~koklaste, die
persentasies langswapening en skuifwapening en die betonsterktes.
Hoofstuk 2 bespreek die beskikbare 1 i teratuur, van so vroeg as
1940, oor dio ek~per-imcntele werk wat gcdaen is oor
bot,sbelast,ings up ~ewapende baton en ~;panbeton dele. Al die
vcr-ski llende t.(JetsmetudE's word oak bespreek.
Hoofstuk 3 gee 'tJ literJ'ttuuroorsig oar die probleme van lokale
::-.;kade in gewapendebeton strukture en dele wat ondp.rwerp word aan
botsbelast.ings. 'n Aantal oplossings om die lokale invlced te
voorspel word bespret7k. Al die vprskillende tipef; lokale skadc
weIr,: getoon en diF~ beste oplossings vir die verskillende
toestancte word gegee,
In :Ioofstuk 4
wapen i n~~; r,8fll
ondersoek van
word die meganiese eienf.;kappe van beton en die
bespreek. ' n K,)rt <oors ig van .j ie eksperimentel e
die rnat.eriaaleienskappe word oak in die hoofstuk
behdndel. For"mules om die :;tdt,ie-s waardes van die materiale aan
n analit,ip!,"~p r!lode] VII' die dinamiese reaksie
vnl, tJ kolom gegee, Die algemeen gp.bruikte Bernoulli-EI..l1~r·
·f,.rmule word uitgebrei tot die Timl"·sll'::-~·~t:.c, f':'rllJi...lle deur
,3(klitic,rwl,.· U"nUf_' Vll- skuifvc-rvc,rminB' en rotasietraagheid in
bel:'ekening te bring, a~;fl()k die Etksiale l"iS op die kolom met die
~~konsentreerde massa by die borunt van die koloID, "n Vol1edige
(ll'lCJs~~irjg vir dip bppftFddp kcdom WElt <,lndersoek word, word. gegee.
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Boofstuk 6 hen(~el oor die Korre I as i e tusnen die vryF: en gedwonge
vibrasie teorie, soos afgelei in hnof~tuk 5, en die
eksperimentele toets resultate. Die t00rie wurd vergelyk met die
gemete wBardes del..lr 'n aantal grafieke te gebruik. Die gamete
versnellings, betonvervormings en die las oorgedra na die
laboratoriumvloer word vergelyk met die berekende waardes van die
teorie.
Hoofs~uk 7 bespreek die eksperimentele ondersoek. Al di~
veranderlikes wat ondorsuek is word bespreek en dip
botslasresultate word met die statiese 'toetsresultate vergelyk.
Die invloede van die aksiale las, betonsterktes, skuifwapening en
die langswapr.ming fts(.ok di~ berbaalbaarbeid van die toatse woro
bespreek. ' 1'1 Aant.aJ grafteke word gebruik om die veranderl ikes
se invloede te toon.
In hoofstuk 8 word n ontwerpmetode vir die spesifieke probleem
voorgest.··] . Die voorgestelde ontwerpmetode is gebaseer op die
aangepast.e drukveld t.eorie van Col] ins and Vec.,;chio. 'n Leer en
'n ho~r grens oplossing word voorgestel on op 'n grafiek ge~oon.
Die moment./skutf diagram vir elke reeks t.uet.S8 word gegee en
bespreek.
Hoofstuk 9 stel 'n aantal rigtings vir verdere navorsing voor vir
die tipe prubleem.
Een van die belangrikste dele van die proefskrif is Byvoegsel B.
Dit gee 'n volledige verslag van die eksperimentele werk wat in
dio:: laboratorium gedoen is. DiF: verslag bespreek nle net die
eksperimentele opstelling nie, maar oak die ontwerp van die
toetsapparaat. en sarnmige jnst.rurnerrte. Elke toets word volledig
hespreek en foto's toan die kraak patrone en swig meganismes. Al
die ()orspronkljkr.: data word getoeo in die vorru van grafieke ~n
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A = Area of column cruGs-section
A = Const.ant
A - Cross sectional area of mis~i18
8 - Half thE! (:oo(:ret.e aggl"egat.~ size
a = The vibration frequ~ncy copfficient
1\.., - The welght; of t;he miss; IH per !.mit. projected &rf·f1
B - Con~;bmt
G = A coeffici(~nt. deper:ding on t,he ratio of thp. t.arget
thickness to the diameter of the missile
Cc - Speed of sound in concrete
CE - Speed of r1asti~ stress wave
Cp = Speed of an e18:3tlc st.ress wave
D = Diameter of the missile
d p - Perforation thickness
d p _. The penetrat i on depU'j
d s = Scabbing thickness
E - El ast. i (: i t.y m,:,du] us of cone-rete
E - Impact elastic:it,y modulus of conr..,;ret.r..,.
E _. Modulus r.f elflst.icit.y
Eo -.. St.at;ic (,jl1st.ic:it.y modl.lllw for concret".!?
Em - Mr,dulil::: ,",f' ""la,;tir:it.y eJf wild :;t.eel
Es - :-;t7'('~Hlt rn,-,dlllll~: "f .C'la:03t.icit.:!
Etc Tarlr~t'·nt. mor.h.du::.; of f·la~;t.il-'it.y
1" .. I mpftci. t.pn~.; i J ~-J f~·trr~tIP:t.h (If '-"Jnr:'ret,E'
f'c' \~ylind,,",r 1",rnp;"'~;f3iv,~ st.r~ng~.b (If ('nncret.e
fo - Stat',i," ten:.;] l~ st.r.c:ngt.h of .:onC'P~t.f.:
f", - lrnpu..:t. COTllpr8S~3i ve strengt.h or '-"'ncret.'::
f",a ~:;t.at..ic (..:urnprp~:~:~ j VOO' f"t.rengt h ;,1' ('oncr,,:te.
f~LO -- Compress i ve c:ub~· st.rength . r' CC,rJ1:'ret.p
fr = The re]at.iYI:' rill f;llr'ff\I'O=' rlr"'(1 ,,1' ;(:inf,)rl'inf1 bl'tr
ftm - Impact. t.,,:,rlsi le <:1 ]"'Ptl~qil jJf ·"Il(·)'pt ......
f ....<:> - ~:;t.3ti<.· t.f',nsil~- "tt·.··III/lr: ,,1' ""IJ,·rf·tf:
g = A',c,eLert1t·.jr"rJ "f /lr·;-\V1I.\,
c; = M(ldlllUo3 rd' :dH'~lt
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1 - Impaot factor
I = Inertia moment, of the sec1~i(Jn
I' ::: Impact factor
Ia. - Average inert.ia moment of the (;r:JrIc:rl'1te section
Icr - Moment of inertia of the cracked section
lc~ = Second moment of area of cracked column
K ::: C~~crete penetrability factor
K' = Buckling factor
K' - Nose ~~hape factor
L ::: Span length or length of colum~
L - The missile length
M - Bending moment
m - Mass of column per unit length
M ::: Weight of falling mass
Me> ::: MEtss of t.he (;oncentrated mass at, free end of co I umn
ml ::: Total weight of column
Mr. - The general ized mass of the column associated wi th the
n~th mode
My - Yjeld moment
N .. Axial load on the .::olumn.
N ::: MissilR nose shape factor
n - The rl:ttio of tht~ radius of t.he nose to l.he diameter of
the missile.
- !'01 j ~; s i 1p i mpElct, vt'-> I I
"
1 t ~:I
pr'l f:i S orl~3 r";l t. 1 (, ( ~.' i f It • , !'-' ] ~1 ~-: ~. i -
= Fr, i ::--:~: (Jrl ~3 r '-It j ,- , ( F' i rl f ~ " 1-' i 'I ," t , ,
v
p - Material rlensity
pc - Density of concrete
Pc ::: Small deflection static collapse load
P,.,(t.)c The generalized load associat.ed with t.he n-th mode
Q - Shear force
R - Pipe radius
H ::: Radius of ring
r 2 - riA = radius of gyra~ion of the cross section
S = Strain rate factor










:::: Depth of the ring
::: Total weight of the beam
= Weight of the falling mass
= Weight of the missile
= The position of the point load
~ =Plastic deformation of missil~
Xp = Penetration depth
y = Distance from centroid of section to desired position
Y - Random variable for d s
y - Transverse displacement of column
Z - Random variable for tip
~ - Area reduction factor
~ ::: Virtual angle change
~A - Effective shear area of the section
Jj = (En./E)O.-':
a - A material parameter varying between 20 and 25
~ = Impact stress rate
~ = Stress in concretp
~ = Tensile strength of reinforcement
go - S~atio stress rate
~o - Static yield stress
gt~ = Average critical wrinkling stress of a pipe impactor
T - Bond strength corresponding with impact rate of loauing
To ::: Bond strength corresponding to the static rate of loading
e - Natural frequency coefficient
Ro. - Natural angu lar frequency of the i -tb mode of the cohmm
8 ::: A variable
8 ::: Displacement
0n(x)= Mude shape func:t.ion (If t.he n-th mode
E - A variable
E ::: St,rain
E ::: Strain In cone-ret.a
.





0 ::: Bar diameter
::: Derivative with respect, to time
::: Double derjvative with respec.:L tc t.ime
x :: Derivative with respect to lengtb
x I :::: Double derivative with respect to lengt,h
x x x ::: The third derivative wit.h respect to length
IV ::: The fourth ("~erivative wit,h respect to length
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Impulsive or impact loading cases such as vehicle or ship
collisions with buildings, bridges or off-shore structures as
well as blast waves on civilian and military shelters, missile
and aircraft impact on nuclear containments, etc. play an
increasing important role in structural design. In an impact,
the peak magnitude of the load and its variation with time depend
on, among other things, the masses involved ( including that of
the structure that is set in motion by the impaot) and the
precise manner in which the energy of the impact is absorbed.
The responSE' of a member or structure to an impact loading can be
divided into the local effects and t,he global effects of the
member or structure. The local effects are usually treated by
empirical formulaD derived from extensive laboratory studies.
The global or overall effects are treated in a more analytical
manner by taking into account the energy absorption or the
momentum and impulse response of a member.
There appears to be a significant difference in the magnitude of
the expected quasi-static design impact load 011 bridae columns as
prescribed by the various highway bridge codes. For example. the
South African COillmittee for State Authotities (CSRA) (178), calls
for a nominal horizontal concentrated longitudinal force along
the weak axis of the pier equal to (3 x the vehicle speed in
krn/h) kN, subject to a minimum of 200 kN. Simultaneously. 120 kN
must be applied transversely. A load factor of 1,25 is
prescribed for the Ultimate limit state. The corresponding
ul timate concentrated load required by the Onta.rio Bridge Code
(186) is 1248 kN as caused by a 450 kN truck a.nd 112 kN caused by
a passenger vehicle weiging 20 kN. The numerical values of the
latter code are based on the loads used by the West German DIN
1072. The South African Transport Services (187) requires a
nominal horizontal longitudinal load of 600 kN applied
simultaneously with a transvprse load of 200 kN for bridge
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supports adjacent to rai lway tracks.
load factor is 1,4.
The reoommended maximulII
For both economic and safety reasons, it remains irllperati va to
have a clear understanding of the impact load characteristics as
well as the column or element behaviour when subjected to such a
load.
Up to the early seventies very little reliable experimental work
had been done on the global impact response of reinforced
concrete members. This was probably due to problems experienced
with accurate measuring instruments. Since then small computers
and better instruments became more easily available for research.
Re(;ently a number of studies concentrated on the column or beam
impact problem (10. 77, 181). All these studies concentrated on
columns or beams supported at both ends and most of their column
or beam failures were flexural failures. All these tests were
also done with the members in a horizontal position. Evidently
no tests had been done on cantilevered columns which are strongly
influenced by shear actions.
This dissertation contains a number of late~al impact tests
executed on reinforced concrete canti lever columns. It a.ppears
that this specific type of experimental arrangement to
investigate the impact problem of a cantilever column has up to
now not ")een used anywhere else. The fact that the column is a
canti lever column and tested in an upright position is thus
unique, A complete report of the experimental work done in the
laboratory of the Universi ty of Stellenbosch, South Africa, is
given in Appendix B. This r;hould be very valuable for further
research, therefore it was kept as complete as possible.
It. is hoped that. this work will shed light on not only the
problem of lateral impact loads orJ reinforced canti lever columns,
but perhaps also on other relat.8d irnpact. problems as well. Thus
the purpose of this work 'W;"jS also to lay t.be foundat.ion for
further laboratory and flw'tlyt,ictd researc·h at the University of
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2. REVIEW OF THE AVAILABLE LITERATURE.
2.1 Introdyctign,
In this section a survey of the available
information and literature "'ill be disc ...ssed.





This chapter wi 11 concentrate on the global influence of the
members. The local influences of the projectiles, strikers.
impactors, etc. in the contact zones of the member will be
discussed in detail in chapter 3 of this study.
2.2 Different types of impact load tests.
Most of the tests differ in the manner in which the impact load
was applied to the test specimen. The impact loads were applied









2.2.1 Falling mass and pendulum applied loads. (125, 77, 161)
The falling mass and the pp-ndulum type load could be classified
in one group because their rp.sults are very similar. With this
group of tests on beam!;; f\rl impact load is produced by a falling
mass striking the beam. The impact releases an amoun~ of erp.rgy
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which is determined by the mass vf the fa 11 ing body and the
falling height. A certain amount of energy can however result in
different load time histories. If the impact energy is produced
by a heavy body falling a short distance, the peak value will be
lower and the duration will be longer than if the same energy is
produced by a light body falling a long distance. Similarly the
impact load history can be changed by changing the stiffness of
the contact zone or the buffer between the striker and the beam
or member. A high stiffness will result in a high load with a
short duration and vice versa. See figure 2.1.
The pendulUlfl system is exactly the same but for this study it had
significant advantages The first and most important advantage
was that a horizontal load could be applied to a column standing
in a vertical position, as a colum..... is supposed to be. In all
the tests previously done on columns, the columns we~e tested in
a horizontal position, like beams. The second important
advantage is that the speed of the striker can be controlled much
more accurately than that of a falling mass due to un0ontrolable
friction normally present with the falling mass. The exact
impact position and the flight of the pendulum can elsa be
controlled much better than that of the falling mass.
2.2.2 Air blast loading. (lO)
This type of loads were primari 1y used for tests on slabs and
walls where a distributed load rather than a point load was
requ5red. The air blast is produced by detonating an explosive.
The resulting load pulse on the specLnen has a very short rise
time and a relat.ively short duration The load history can be
changed by varying the size of the explosive charge and or its
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Figure 2.1: Load pulses caused by the different systems. (10)
2.2.3 Spring loading. (24, 105. 106, 107, 122)
With this system a spring is prestressed to a desired force and
this force is then suddenly transferred to the test beam which is
initially unloaded. As the beam deflects, the original
deformation of the spring is changed and the force in the spring
is changed accordingly. The shape of the load pulse can be
chosen by the choice of the spring characteristics in comparison
with the stiffness of the beam. If the spring is very soft, the
forc~ in the spring wi 11 remain almost constant as the beam
deflects and the load pulse then becomes nearlY rectangular. If
the spring is very sti ff, even a small deflectiorJ of the t'e£:n
will almost unload the spring. The load pulse then resembles the




2.2.4 Deformation cootrolled impant,
With this system a special loading device in Ilsed in wnie:b the
beam is given a predetermined deflection within say ooe tentb of
a second. The resul ting load pu 1se on tbr:- i-.II::arn dependr3 on the
stiffness of the total set up.
2.2.5 Projectiles. (refer to chapter 3)
Projectiles are normally used ~o investigate the local effects in
the contact zones. Near 1y a 11 types of pro ject i 1as have been
used in tests. The local effects is a study on its own and as
indicated earlier this aspect will be discussed in the next
chapter.
2.2.6 Test specimen's own energy. (10)
Ammann (10) used tbis technique in his experiments. This system
uses the energy of the specimen itself. A simply supported
beam's one is lifted to a certain height and then it is suddenly
released allowing the beam to fall rotating around the hinge at
the other end of the b0am. The falling free end is stopped by a
rigid support. Thus the beam uses its own energy. This energy
can be controlled by additional distributed loads on the beam and
by changing the lifting height of the one end of the beam.
Another way to use this system is to suddenly remove any support
of a mlll ti -span beam, allowi rtg that sect.i on to fall. Th is
technique has also been used by Ammann (10).
2.3 Test resylts of different authors.




2.3.1 T,D, Mylrea - 1940 (150)
Mylrea investigated the resistanee of v6rious grades of
reinforcing steel by means of tests on simply supported
reinforced concrete beams. The beams hfid a width of 2bO rom ~Jd a
depth of 400mm and the span was 2,4 m. Very small reinforcement
percentages were used (0,03-0,2%) and the beams had no web
reinforcement. The cyl inder strength of the concrete was 'lMPa
and the yield stress of the st.eel ranged from 320 to 790 i-1Pa.
The weight. of the falling mass was either 2,5 or 11 kN and the
load was transmitted to the beam through an embedded steel plate.
The only measurement. "t.aken was t.he height required to r'''··.ure the
st,eel. T~lis height ranged frorr 0,23 to 2,3 m, df>pendir.-.: on the
type and quantity of st.eel. Pb0",ographs indicate shear punching
failures during impact. loading. The height of fall required to
rupture the st.eel increased drastically as the steel percentage
was increased. This can be the result. of many factors and thus
any evaluation of results can only be tentative.
7..3.2 L,G. Simms - 1945 (150)
Te~ts were done on two types of simply supported centrally loaded
reinforced coneret.e beams. The crl1SS sect.ion of the fi rat type
was 100 mm wide and 200 mm deep, with a span length of 1,8 m. In
t.hese beams st.irrups were provided to fwoid shear failure. The
longitudinal reinforcement In general consisted of mild steel
with a yield stress of 310 MPa. In a few tests a high strength
steel, wi t.h a yield st.resa of 62.5 MPa, was used. The percentage
of ~ ei nforcement ranged from 0.09 to 3%. The second type had a
erc·'''; seet.ion which ':JaB [,00 rom wide. 150 mm deep and the span was
1.5 m. The reinforcerLent consist,ed of tr;ree types of cold-worked
steel. ribbed mesh s!'"J€:'et st.eel. and t.hree t.ypes of mi ld steel.
The quantity of reinforcement was 0,28%.
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The average compress i ve cube st,rength of the concrete used was
21 MPa for the first type and 27 MPa for the second type of
tests. The load was transmitted to the concrete through a steel
bearing plate. The weight of the falling mass, W, was equal to
that of the test unit, which was 0,9 kN for the first type and
3,2 kN for the second type. The falling height, H, ranged from
0, 25 t,o 3, 8 m.
All the failures (under static as well as impact load) were
classified AS flexural failures.
Simms compares the energy of the blow in each impact test to the
strain energy in a static test at 8. simi lar deflection. The
released impact energy is larger than the absorbed strain energy
calculated on the basis of the static load deflection curve and
the maximum deflection under impact loading. In his assessment,
Simms, assumed that the complete difference could be explained as
a loss of energy, and thus ignt,red that the load deflection curve
might depend on the loading rat.e. Simms calculated the loss of
energy by equRting the momentum immediately before the impact to
thet immediately after the impact, assuming that the beam deforms
elastically in the same manner under static and impact conditions
and that. the fall ing weight remained in contect wi th the beam
throughout, t.he impact period. Simms t.hus arrived at 8 calculated
value for the reduction factor, ~, 8S follows:
~ ~ Us/(WH) = 1/{1~(4/5){w/W)} (2. 1 )
Where: w = total weight of the beam
W = weight of the falli~g mass
With w/W =1 it follows that ~ = 0.556.
Simms values for (I( ranged from 0,4 to 0,7 and thus his values
compare reasonably with the calculated value.
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2.3.3 J. Penzien and R.J. Honsen - 1954 (122)
In 1947 Pemden and Hansen studied at MIT the behflvj" i~' of simple
reinforced concrete beams subjected to dYnamic 10 ". They used
a high-pressure-gas piston cyl inder arrangement tu provide the
load. They were primarily concerned with the strains occurring
in the reinforcement and concrete of a beam loaded impulsively
wi thout failure. They introduced the use of a. dynamic
magnification factor, but the only information about strength
characteristics concerns the yield point of standard steel (ASTM
Designation AI5-48) which is increased with about 35% above the
static value at str<.iin rates of 0,1 x lQ6 - 0,7 X 107 MN/r/s.
This seems to confirm findings by other authors.
2.3.4 F.T. Mavis and F.A. Richards - 1955 (lOS)
Simply supported reinforced concrete beams without web
reinforcement were tested in pairs simultaneously. The beams
were 125 mm square with a span of 1,8 m and the depth to the
center of the steel was 100 mm. The reinforcement consisted of
one 16 mm bar (1,5%). Two types of steel were used, a structural
grade steel with a yield strength of 270 MPa and a hard grade
steel with a yield strength of 525 Mpa. The concrete had an
average cube compressive strength of 33 MPa.
The dynamic load was in the form of a controlled displacement,
built up grai~ually and then decreased again. The built up was
between 0,16 and 0,36 seconds. Thus the loading may be
considered as a high rate loading rather than an impact load.
The information given in the report is insufficient but it loo~s
as if the strength under a high loading rate was about 35% high~r
than the ordinary static test. The beams reinforced with the
high yield steel performed much better than that wi th the soft
st~uctural steel and the high yjeld steel beams had 6 very good
reha.bi Ii tation, in other words the i r permanent defl e("'tion was
very much lower than that of the other beams.
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2.3.5 F.T. Mavis and M.J. Greaves - 1957 (105)
Simply supported reinforced concrete beams without web
reinforcement were tested statically and impulsively at mid-span.
Loads, reactions and deflections were measured, but only ~
limited number of results are given. A spring loading system was
used to introduce the impulsive load. This loading system
contained several heavy beams that were moved and deflected ~hen
the spring force was released. Thus an interpretation of the few
results given are unreliable.
Mavis and Greaves also found that a high-grade or hard steel used
as reinforcement outperformed a soft or mild steel used as
reinforcement in all aspects. They found that about 13% more
initial load was required to start t.1e damage in a hard-grade
beam than in a mild-grade beam. They also suggested that
add i tional reinforcement should be provided in the compression
zone of the concrete beam to provide for the tension force
generated in that section due to the whiplash effect, as they
call ed it..
2.3.6 F.T. Mavis and J.J. Stewart - 1959 (107)
Tests were performed on simply supported reinforced concrete
beams without web reinforcement. Static and impulsive loads were
applied at the third-points of the span, which was 2,4 m. The
impulsive load was applied with a spring loading system. The
beams tested were 280 mm wide and 148 mm deep. The
reinforcement, which was placed 12J mm from the compression face,
cons i sted of one or t.wo 16 mm b~H'S correspond i ng to 0, 6 and 1, 2%
reinforcement respectively. The steel used was structural,
intermediate and hard-grade. The concrete had a •. average cube
strength of 40 MPa.
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Twenty seven beams were tested. A motion picture camera
operating at a.pproximately 200 frames per second recorded d8ta
from an oscilloscope and simultaneously photographed the beam
during the test.
One of the most significant conclusions that can be drawn from
the results of Mavis and Stewart is that the hard grade bars cnce
again, as in previous studies, out performed the mild
reinforcement. They also had the highest residual load capacity
after the dynamic test.
2.3.7 J.J. Trott and E.N. Fox - 1959 (160)
Trott and Fox used something close to a falling weight system,
but with their system's rebound was prohibited. Five beams with
a cross section 64 mm square and length 460 mID were tested to
determine whether or not the rate of loading significantly
affects the mechanical properties of concrete beams tested in
flexure. Two loading rates were used: 5xlO-7 /s, the rate used in
normal tests and about 0,06/s when the beams were c.ested under
impact conditions. The higher loading rate increased the
fracture load with something like 35%. It seems that the higher
loading rate increased the strain at which the cracking of the
concrete began.
2.3.8 G.K. Wadlin and J.J. Stewart - 1961 (169)
This study of Wadlin and Stewart was an extension of the studies
by Mavis and Stewart (discussed earlier) and exactly the same
equipment were used as that for the previous studies.
Three prestressed and two reinforced beams were tested statically
to destruction and seven prestressed and four reinforced concrete
beams were tested dynamically to varying degrees of failure. All
the beams were simply supported. They found that wi tb the
dynamic tests, the reactions had negative values immediately
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after the initial application of thp. load.
contributed to the vibration of the beam.
Thif; can be
When the prestressed concrete beams are compared with the
reinforced concrete beams, on the basis of their ultimate
strength, the difference in behaviollr of the two types under
impulsive loading were small. The reinforced concrete beams were
slightly superior. The two types of beams absorbed approximately
equal amounts of energy before crushing of the concrete occurred.
After t.he concret,e began to 0rl.lsh. the prestressed beaIl'1 fai led
completely in half the time required for the reinforced beam.
2.3.9 ~.C. Bate - 1961 (10)
This paper reports a large number of tests carried out as an
extension of the investigation by Simms. The test series
contained a total of 360 beam tests out of which 306 were tests
on prestressed concrete beams and 54 were testE on ordinary
reinforoed concrete beams.
The impact loading consisted of a blow from a freely fall iog
hammer of the same order of mass as the test beam. Th is mass
struck the simply supported beam at mid-span. Mea~urements
included the maximum deflection during impact and the residual
deflection after impact. The impact resistance was assessed by
testing enough beams to determine the energy of a single blow
just insufficient to cause fai 1ure. Beams that did not fai 1
under impact were subsequently test-ed under static loading. In
some caSes the effects of repeated hlows were examined. The
behaviour of beams tested under impact loading were compared to
the behaviour of similar beams tested under static loading.
In his assessment of the results. Rate used the same approach as




a = [1+(17/35)(ml/M»)/[1+(5/8}(ml/M)]2 (2.2)
where: ml = total weight of beam
M ~ weight of falling mass
Bate found that in some cases shear failure occurred under impact
loading while similar beams under static loading failed in
flexure. In some other cases failure under static loading was
due to crushing of the concrete (perhaps followed by shear) and
under impact loading was due to fracture of the wires. Bate's
paper provides no information on the contact zone conditions or
on the shape of the load pulse.
Bate concluded that for ordinary reinforced concrete beams,
stirrup reinforcement increases the static energy of
deformations, but under impact loading its function is much more
important than such increases would suggests. The presence of
shear reinforcement prevents the disruption of the member in
shear and is a lmost as important as the longitudinal steel in
developing resistance to impact. He al~u found that for
reinforced and prestressed beams of the same static strength.
failing in bending under impact, prestressed concrete beams have
a much lower ultim~+p resistance to the impact of a single blow
than ordinary reinforced concrete beams. For blows insufficient
to cause failure, prestressed concrete beams suffer less
permanent deformation than ordinary reinforced concrete beams.
2.3.10 J.N. Cernica and M.J. Charignop - 1963 (24)
Simply reinforced concrete beams withcut web reinforcement were
centrally loaded with a spring loading system. The beams tested
were 125 mm wide, 190 mm deep and 2,65 m long. In general the
beams had only tensile reinforcement, which was either two
12,7 mm or two 16 mm bars. Three types of reinforcing steel,
structural !":teel (290 MPa yi eld) , intermediate steel (335 MFa
yield) and high strength steel (475 MPa yield), were used. The
average cylinder strength of the conc~ete was 54 MFa.
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A stiff spring was used to apply the loads so tha~ all the beams
were 00mpletely unloaded at a deflection of 75-100 mm (3-4'; of
span 1ength ) .
The information given does not permit any firm conclusions.
Although it may be noted that the initial spring force required
to obtain failure was in all cases approximately twice the static
strength of the beam. This observation has limited value. since
this ratio might depend on the stiffness of the spring.
2.3.11 E,S. Perry. N.H. Burns and J.N. Thomp£on - 1967 (125)
They tested compo~~~e reinforced concrete beams. simply supported
and centrally loaded by a fall ing mass. A soft cushion be1.ween
the falling mass and the beam resulted in a long ri3e time
(nearly 70 ms). No quantitative results are given and thus this
paper is not to important.
2.3.12 W.A. Hamilton - 1968 (65)
Nine simply supported pretensioned prestressed concrete beams
were tested. Two were tested statically and seven were tested
dynamical ]y. The load was applied with a spring loading system.
the same type as that used by Mavis et 6l. All the bE"~ms had a
span of 2,4 m and a rectangular section of 254 mm dr Ap a.nd 203 mm
wide.
Hemi I ton cone ludes that the impact strength of the beam is about
35% higher than the static strength of the beam. Unfortunately
he does not provide enough information to v0rify this results and
he does not indicate the type C)f failure of the dynamic tested
beams, The number of tests are very small as well.
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2.3.13 C, Popp - 1976 (128)
Popp tested a number of reinforced concrete beams wi th impact
loads applied through a falling weight mechanism. He tested
these beams to investigate the influence of the type of steel
used as reinfl1rcement and whether it is better to IJse a softer
more ductile reinforcement rather than a harder reinforcing
steel, as was commonly believed earlier. After a COMprehensive
study he found that the softer steel had no advantage dbove the
harder steel and in fact it is Letter to use the harder steel.
By using the harder steel, space inside the beam or member is
saved arli the massing of reinforcing bars can be avoided.




describes 80 impact tests on pin-ended
beams and 12 test on simply supported
beams. For each test the impact force
history and beam displacements were measured. Various models for
the impact are disoussed. The simple beanl vibr8~ion model is
shown to be applicable over the test ra.n~e f\nd the importance of
two parameters, the mass rat.io and the pulse retio, is
recognized. An appendix gives tb.e numerical solution to the
impact equation.
The~r also used a falling mass system to apply the impact. load.
In ~he impaot zone they used a number of pad systems to provide
different K-faotors for the Hertz r.ontact law used Oy them.
These pads ran~e f~om 25 mM rubber to different seotions of ply
wood to ~ 30 mm steel plate. The cross sect~on was 200 ffirn deep
end 100 mm wide and hAd span
Compression reinforcement, as .....e 1.1 as tension reinforcement of
bars rang i ng from 6 mm to ] 6 mm w~re U!~ed. St.i rrups were also
used in the beams.
44,4 MPa.
Th~ "'tverage r:oncrete cube strength was
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The simple beam theory gave very good resu 1tfJ for the range
'Lested by them but if beams outs ide these rangec.; are tested
additional provision should be made for shear stiffness and
rotational inertia, which is ignored by this simple beam theory
described by them.
2.3.15 W, Ammann - 1983 (10)
Ammann investigated the sudde~ removal of one of the supports of
a structure. In ()pe of the chapters he descri bes the dynamic
behaviour of a simply suppo~ted beam, one end lifted to a certain
height and then released, allowing it to fall onto a shock
absorbing element. This beam 1S investigated analytically by
using the extended Timoshenko beam formulation for vi bration of
the beam. He then also discusses the phenomenon of a travelling
plastic hinge in reinforced concrete beams.
He also describes a test set-up for double sp~n beams where one
of the three supports is suddenly removed. He also tf~st.ed 8
number of these beams.
He found that the mechanisms of load transfer and the deformation
characteristics of cont.inu'-"us reinforced concret.e beams in the
event of support failure Cb.! be estimated to a degree with simple
rigid-body models. Such models can be bar elements, joined by
friction-endowed hinges, provided the approximate location of the
plastic hinges constitut.ing the failure mechanism is known. The
complex dynamic behav}our of multi-span beams under sudden
removal of support can thus be Modelled by simple systems of one
to two degrees of freedom. In the pr"!sence of memcrane effects
due to rest.rained longitudinAl deformations, these models have to




2.3.16 B.P. Hughes and A.T. Mahmood .- 1984 (721
Six series of model prestressed c:oncr~te beams, a total of 38
beams, were t,ested. The beams had a cross section of 50,6 rom
wide and 101,6 mm deep and with d clear span of either 916 mm or
1240 mm. They were prestressed with 5 mm Belgian indented wire,
or ~)35 mm high-tensile seven-wire stranded or 1 mm high-tensile
crimped ·IIire. Hammers weighing 36,7, 26,8 or 19,3 kg, giving
mass ratios (beam/hammer) of 0,55, 0,574 or 0,8, were IJsed for
impacting the beam at mid-span. The beams had simi lar concrete
strengths and tendon eceentricities but different prestressing
indices. A high speed camera was used to record the deflection
of the beams.
Hughes and Mahmood conclude by suying that thei r test results
agreed with the predictions of a modal analysis based on a
fundamental mode rather' than a static mode as used by them. They
also found that the inclusion of nominal shear stirrups in some
beams nearly doubled the impact capacities of Lhase beams.
2.3.17 H. Ohnuma. C. Ito and S.G. Nomachi - 1985 (118)
Ohnuma, Ito and Namachi t.ested 18 reinforcp.d concret.e hea.rns a.nd
30 reinforced ooncrete slabs under impact loading from 8 falling
hammer exc'e 1 1E·d by ('ompres~;ed N... gas. The ve loci ty of t.be g. 8 em
diameter nlass was any ve I oei ty lower t.han 50 m/s. The ciepths of
the be&ms were 200. 300 or 500 mm wi th sti rrup reinforcement and
longitudinal reinforcement ranging from .95% to 1.16%. No
further informat,ion on the test result.s of the beams are given
and it looks as if they were more interested in the local damage
t,o the slabs. They mentioned t.h&t. the rei,Jforced concrete beams
in the static and low velocity impact te~t,s slowed bending




2.3.18 D. Flade, H. Steinhi lber find 1.. Mf:deh~r _. 1985 {48j
Flnde, Steinbilber and Malcher describe ilnpI1,·t, CeSLG tlt~ b BOR-
plant. where impulsive loads of 200 kNB f:lnd 0,1 s durbt.ir)rl in''''
been realized. They describe there test equipment brieflY. ·:.I'Y
used a pendu 1ar fall ing hammer wi tb Grush pads i n th~ C'nnT ~( •
zone to enforce a desired impact load hi:-;t.ory. They wr::re not
interested in the local effects but ·)oly i 0 thr:: g lrAH~) ~ffec:ts.
No further information is provided in this paper.
?.3.19 M. Feyerabend - 1988 <181 l
Feyerabend t.pst.ed a number of steel and a number of rE'lnforced
concrete columns subjected to a horizontal ~rnpac1~ load. A tou~l
of eight concrete columns were tested. The cross scct.ion of ~ll
the reinforced concrete ~olumns weas 300 rom square and the span
length was 4 m. The concrete cube s1.rength of all tbt-: ("'olumw';
wa~ somewhere between 35 And 45 MPa. Th2 columns wer~ r~infor~pri
with 4 0H3, or 4 025 or 4 028 high strength c;"t./"p! b8r~; St ~ rrup3
of 12 mm diarnet.er with 8. spa.cing of 150 mm werA provlripd in ull
the col umns. ThF;! col umns were t.est.ed in f.1 hori ?rmf~81 pas i f. i (m
~like a beam) with an axial load bppiied to the rme ~nd ....hl('h
could sLide freely in the horizontal direction pxcept. flJr th~
inertia of the mass at that. end (see fi gure 2.2).
~ Impact Load
«<~;====z1=x==1G






The flxial load W(i~; flppllf'~d b:1 eXlertH1J prf·:;tr.'~;';r~d
the free--slidirlg" end t.()wFtf·dn the stntl' l tlflry .-'nd.
allowed to slide in the hfJrizontnl directifln
har~ pull iog
Th,:. ma~:;:; Wt1S
Three axial loads were used, a %45 kN fflr 1,ht:' column r~inf()rC:f':d
with 4 018 bars, 197 kN for t.he column t,pinforced wit.h 4 025 bars
and 201 kN for the column reinfnrc'(~d wir,h 4 028 barf.:. The
lateral impact load was applied wi.th 1.14 ton falling mass. The
impact load was (~h8ngp.d by changing thp. fal I ing height ~nd thlJS
t.he jmpact velor'ity was chanp;ed. Impact. velo(:itiF!s ranging from
0,75 mls to 6,0 m/s were used.
He prrlvides 1:\n f1pproxirnat.~ analytif"aI sc,]ut.ion for the r:oIlJmn
behaviour and h.=- {'Ofllpl1r.;;:; this resultf; with a finite difference
Rnalyses based nn a self'-developed computer progrttm called ACI
(Aua]ys is r) f Co] urnns llnrk-r Impact 1(.lad i ng) . The resu 1ts ~ i ven
f:ompare sat.isfact.orily, Although these ('omparlSQnS were very
good it would h:,,\v,;. h'J irlt.erer;t.ing to see the comparisons of the
tnehSurec! strEtill ;ind calC'l,d<1ted ~t.rain .<lS wf:ll as the measured
support force~ and t-tw ca 181; 1 Ht,f~rI :;Ilpport. forcps.
Anot,her vl3ry in~erp.st.ing Aspect of this study is the influenc€:
the let,eral irnpFtf·t load iJaf> on the axial load ')f t:..he column,
This influencp is rlue t.o t.he deflection of the c'JIIJmn 05 well as
the crackinr-; of t.he concre1,,-' f,'olurnn Hnd the inertia of t~he 20 ton
('<las:,; fixer! i-.I) t.h~~ one end of the column. From t~he re:>ults and
theory f!. i yen i i 1" not c:] ,-'nr ...,:hpt,her h€"' t.ook the crack effect or.
Lh", axial IIJ'3<d in l I) i-1('col.mL with his t.heoret~icf1l IOlrJd computer
Inori"]. :Jnfr,rf.1Jr1fit.e]y he d()p~; not. show thp cqmparison bet.ween t.he
t,rlf~(lr'Fd,i('fl1 \.;llll.·~.~ '''-nd ltl'" .'xJ:-":'rirnF'nt/fd vallles of the axial
1oad;~.
Thp most irn!,rwL'lnL diff""'renf""~~ hetweprJ t.hp w[.;k (,f Feyerhbpnd and
alld thi,f; st"udy If; thaI: h .." \I';,"d ;1 (·,,1'lmn sUPl-,,'rt,pd at bQt.h ends.
he 1 s(>d C1 hard impact ~llId fIll hi~~ '--,']llmnl; fFli ]pd lrJ [,~ndjng,
IJnfiJrtlJrlat .... ly
~~ II b j "" ct. P. ~l t.) ,-It I




In this section only the studies and papers on the impact
behaviour of reinforced and prestressed concrete beam and column
e,lements have be~n briefly reviewed. Although a wide range of
studies on reinforced concrete slabs etc. are available, they
normally cannot be considered as two dimensional members like
columns and beams 8.rd tbus they were therefore 'lmi tted in th is
section. The local influence, of impactors or strikers, has also
not been dealt, with in this section but that will be treated in
detai 1 in the next cbapter. The two fields of local and global
effects are normal] y separftted. The local effects are usually
approached empiric-Filly, whereas the global effects are approached
mat.hemat i ca 11 y.
;\1 though a cons iderahl P ftmollnt of work has been done, there are
~>t;ill a lot of grey ftreas. One of these is the strain rate
effects on P:;PE'C i 11 1] y the concretF:!. Mode 11 i ng t~e behavi our of a
ma~erial like concrete for finite element Analysis with computer
progrllm~3 t'emftHIS a difficult, tFl.sk. especially wh~n strain rate
effect.s are t.o bf: considp.red as well.
In a numbFlr () f t.P.~t.s , shear fa'; 1ures nCelJ rred under impact
loading (Bate 1961) while similar spe<.:imens failed In flexure
under St.flt.1<: Illf1ding. Apparent.ly at thi~- moment no method is
Rvailhble whi.-l'l wUlJld rr-liably predict the resist.ance of members
fai 1 ing in shpar 1.lOdp.r impftct loading.
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3 LOCAL DAMAGE OF CONCRETE :;'l'liIICTllFi!(:; AND MEMlmRS IHIE Til an'ACT
LOADS
3.1 Introduction
The F-;ffect of i rnpactor~.;
the globEd dyrJ&lnic ref-~pon£:e of.he !;t:.ruc,ture or mewbt-:r. If tbt?





I '('IHT' 1 ~.>: i t.y
111 1 1 1 t fLX i ~ 1. high 1()ad ing
"f f'~:;!='~'r.:i&lly E-ffectr.;
, : I I_I f \,",=..f
TI,,~ 1I ,,' ~ l 1 f' f f(·(·ts ;'\ t I, :1.f, ; i I t r ~: ~ ;~1 1 • I ,: it"
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F~om this state-of-the-art report it will be cleRr that for the
investigation in this dissertat,ion. the local effects are very
small and the energy dissipated by the local damage is omissible.
In fact this report will indioate that no local damage CMI bf;J'
expected for the column undr,.r such a soft impact loading as was
used in this investigatir·'. This was confirmed by the test
results given in Appendix B. Both soft and hard impacts are
covered in this chapter because this will give a better
understanding of the local damage problem and because other
studies and investigat.ions relF1tA:~d to this dissertation IJsed hard
impacts.
3.2 Classifications and definitions
Missiles, impactors or strikers can be classi=ied as being either
'hard' or 'soft' (or deformable) depending on whether they
undergo signif:cant deformation during impact.
Local damage is ~enerally olassifip-d (90) into the following
classes:
1. Penetration: Penetration is the entry of a missile into
the target ..... ;thout. exiting at the back face. Penetration
may bt~ accom'fanied by peeling off some pieces of concrete
from the back face (with a thickness less than the concrete
cover) .
2. ~cabbing: Scabbing is the ejecting of concrete pieces,
wh~ch have at least the size of the concrete cover, from the
back face a~d are thrown away from the target.
3. Perforation: Perforat·ion is the entry of a missile into
the target and its exit at the baek face.
4. Spelling: Spalling
from the front fa~e nf
1" tht=' E' ject, i ng of concrete




Penetration and spall ing normally goer.; together and Hugbes (75)
classified spalling as part of penetration.
For a given impact, the ~everity of the damage increases as th~
barrier thickness, d, decreases as shown in fig. 3.1. The
scabbing thickness, cis, is d~fined as the barrier thickness which
is just enough to prevent scabbing. The perforation thickness,
dp , is defined as the barrier thickness which is enough to
prevent perforation. These two thicknesses define the bounds
between "the possible damage of an impact.
For d > cis the damage is penetration with the missile coming
to rest at a penetration depth Xp;
For d < ds but d > db the damage is scabbing;
For d < dp the damage is perforation.





.1-' ',' ••• ll,p 1''''-, .. ··.·"" •. 0,
"p4;'lln"




The local damage process is influenced by many parameters. These
parameters are classified into two groups: missile parameters and
target parameters. (8)
Missile parnmeters: Mass of missile, M
Size of missile. e.g .• the diameter
lelocity of missile, V
NOti€ shape of missile. N
Deformability of the missile
Inclination of missile.
Target parameters: Target thickness
Concrete strength
Size of aggregate
Amount of rei nforcO:'lnent
First the influence of hard (or solid) missiles will be discussed
and then the influence of soft (or deformable) missiles.
3.3 Impact effect of hard or solid rnissi les on cQncr~
3.3.1 Available formulae for r.he prediction of local GQncrete
damage
Unfol't.unate ly , near 1y all of the avai I abl e prediction Aquat.ions
are dlruensin~al 6quations thus necessitRting the use of the
dimensional Itllits given in t.hE!ir symbol de-finit.ions. This means
that about all the equations are still In the Imperial and
American systems and the compressive ~1rength of concrete is the
cylinder strength and not the cube f':t.re:-1gt,h.
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3.3.1.' Modified PetrY formula
The Modified Petry formula developed originally in lalO. predicts
the penetration depth (xp) in inches as follows (8,90,170,178):
xp ::: 12[{PAp log1o( 1. 0 + ~/215000)' (3. 1)
Where: v = Impact velocity, in ft/s
~ =The weight of the missile per unit projected area.
in Ib/ft2
K". = A coefficient depending on the nature of the
concrete and taking into account the effect of
rpinforcemen"t.
Or ':'~i1ially I{p was defined as: 0,00799 for massive concrete;
O.~0426 for normal reinforced concrete; and 0,00284 for specially
reinforced concrete. Note that these values are indepelJdent of
the concrete stre"lgtb (an obvious deficiency) d.nd only dependent
on how the concrete ;.s reinforced. For special reinforced
concret,e in which the front and rear face steel is lac'3d together
with special ties, Amirikian (177) has revised ~ to account for
the effec:t of eoncrete strength. The revised K.:. values as a
function of concrete strength (fc: ') are shown in fig. 3.2. Even
though tbis figure is only applicable for specially reinfcrced
concrete it is sometimes used for normal reinforced concrete a~
well. Wh~n eq. (3.1) is used with the original values of K.:. it
is defined as t.he Modified Petry I formula. If eq. (3.1) is use























Oon::-rete St reng th
Figl.l,:,e 3.2: Value of Ft3tr"Y penetration coeffic-i-:-:-lt K. fOl"
sp~c:ially r~irlfl)1"('E'd conr:'rete, (from Amirikia.n (177}j
Amirikian (177) sugge~t.ed that the perforc:tion thickne~!; 1 ".'
determined by:
(3. 2 .
a~d the scabbin~ thic~ness l~ determined by:
(3.3)
where the penet.ration trlickne-ss Xp is given by the Modified Petry
formu 1a (eq. (3. 1) ) .
Equation (3.2) is defined as th:.> Modified Petry formula ffj'"




3.3.1.2 Army Corps of Engineers formuln
1'he Army Corps of Engineers developed the follo ..... ing formula in
1946:
(3.4)
Where: D = Diamete" of the missi Ie in inches
W = Weight of the missile in ~ounds
fc: ' ~ Compress i ve strength of concrete in ps i
Eq. (3.4) has been commonly refF-rred to as the Army Corps of
Engineers (ACE) formula
In 1943 perforation and scabbing thickness tests .....ere reported
for 37 rom, 750000, and 155 moo projectiles. Regression analysis of
these tests led to the following relationships for predicting
scabbing and perforation thicknesses:
dso I D = 2 > 12 = 1 > 36 Xp ID ,
d p ID = 1, 32 = ], 24 Xp ID ,
0,65 ! Xp/D ! 11,75
1, 35 ~ Xp ID ! 13. 5
(3.5)
(3.6)
These r~la~ionships are applicable only within the slab thickness
to projecti Ie diameter ratios indicated. According to Kennedy
(90) the diameter ratio for eq. (3.5) is (3 ! ds/D ! 16) and for
eg. (3.6) it is (3 5 dp/D 518). For ratios (Kennedy's ratios)
less than three, these equations ..... iIl lead to increasingly
conserv~~ive results.
These formulae are dimensionally incorrect and thus the specified
English units must be used.
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3.3.1.3 Modified NatiGoal Defence Research Commj~tee (NDBe)
formula
In 1946 the National Defense Research Committee (NDRC) proposed
the followi:!g formula for predicting the pp.netration depth of
non-deformable projectiles penetrating 8 massive concrete target:




Where: N = Missile nose shape factor
= 0,72 for flat nose
0,84 for blunt nose
1,00 f0r spherical nose
1,14 for very sharp nose
W = Weight of missile, in pounds
V = Missile velocity, in ftls
D - Missile diameter, in inches
K = Concrete penetrability factor and is given by:
(3.9)
Where: f'e: = Compressive strength of concrete, in psi
The scabbing and perforation thicknesses are predicted by
equations (3.5) and (3.6) which were developed by regression
analysis for the specific ranges of Xp/D. Equations (3.5) and
(3.6) cannot be used for small values of Xp/D. Since the NDRC
formula is ba~ed upon a theory of penetration it can be
extrapolated beyond the range of available test data with greater
confidence. Thus for small values of Xp/D (or ds/d < 3, or dp/D




ds/D = 7,91 (Xp ID) - 5 J 06 ( Xp ID >=2 for Xp/D i 0.65
(3.10)
dp/D = 3, 19( Xp ID) - 0,718(Xp/D)2 for Xp/D S 1, 35
(3.11)
With formulae (3.5) to (3.11) the perforation and scabbing of a
very wide range of missiles can be predicted. This is the
advantage of the modified NDRC formulae.
3.3.1.4 Ammann and Whitney formula
The following formula has
penetration depth of small
travelling over 1000 ft/s:
been developed to predict the
explosively generated fragments
Where: N = Missile nose shape factor
W = Weight of missile, in pounds
V = Impact velocity, in ft/s
D
--
Missile diameter, in inches
(3.12)
3.3.1,5 The Ballistic Research Laboratory (BRL) fOlmula
The Ballistic Rese~rch Laboratory (BRL) have proposed the
following formula to predict directly the perfora.tion thickness





This equation has been extended for other values of the ultimbte
compressive strength as follows:
(3.14)
Where: W = Weight of missile. In pounds
V = ImJ;l:\ct velocity, in ft/s
D = Missile diameter. in inches
f'c - Cylinder Compressive strength of concrete,-
in psi
The scabbing thickness d s can be obtained from:
(3.15)
where d", is defined by eq. (3.14). Equation
the modified BRL formula for perforation and
as the modified BRL formula for scabbing.








Corporation has proposed an empi ri cal formul a for
the scabbing thickness of a concrete panel as
(3.16)
Where: W = Weight of missile, in pounds
V = Impact ve.l Jci ty, in ftls
D - Missile diameter, In inches-
f'c = Compressive strength of concrete, i.n psi
Stone and Webster h~ve proposed a formula for predicting the
scabbing thickness for a concretA p&nel under the impact of solid
missiles as follows:
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Weight. fir raisfli Ie. HI peJl..mds
Impt.tct velocit~y, in ft/s
A coefficient thAt depends on t.he ratio of the
target thickness to the diame"ter of tohe missile
The ranges of test parameters for this formula were:
3000 psi ! f'~ !4500 psi Bnd 1,5 ! 1/D ! 3,0.
3. 3 .. 1. 8 Cornmi ssar i at a L' Energ i f? At,omi Que-El e.:tri cite de France
(CEA-EDF)
In 1977 the fol lowing empirical formula for calculating the
perforation t.hickness of concrete was proposed on the basis of




~ WRight.. of missi Ie, in pourlds
Impact velocity, in ftls
D - Missile diameter. HI inches
f'r - Comprp-ssiv,=, sLL'engt.h (If concr(~"te. in psi
The limit.s fnr t.he validity of this formula are:
1. Reinfnrcing steel = 9.34 - 18,68 lb/ft'
2. Cnn"rF~te compress j ve st.rength f'. = 4300 ~ 7300 ps i
3. Missile impaot velucity V = 82 - 1476 ft/s
4. Ratio of target ~hicknp~n ~0 missile rliameter




By using regression analyflis, Kar (88 ) revit..>cd the NDRC formula
in 1978 to 8r-.:count for the size of aggregates and the type of
missile material. His formula for predicting the penetration
depth is as follows:
for Xp/D £ 2 (3.19)
xp/D = (o:N/(f>o::r~·"") (E/F.:on)1.2l!1 (WV··O/D(lOOOD. )1.1') .. 1
for >:p/D > 2 (3.20)
Where: o ~ Outside di~meter of actual missile or inscribed
("~ i rO I e
D. - Diameter of projectile, which has same contact
area as that of actual missile
E ~ Modulus of elasticity of the missile material
F_ - Modulus of elasticity of mild steel
f'~ - Compressive strength of concrete. in psi
W -. WRight of missi Ie, in pounds
V ~ Impact velocity. in ftls
N = Missile shape factor
= 0.72 for flat nosed hard missiles
For missiles with a f~pecicd nose, N. the nose shape fact.or is
given by the follnwing:
N ~~ 0.72 + 0.25 (n ~. 0, 25)0.0 ~ 1, 17 (3.21)
Where: n c. The rat.io (:.ft.he radius of t.he nose t.o the diameter
of the missile.
For missiles with a hollow circular section (pipe) or an
irregular section, the nose shape factor is given by:






N -Nose shape factor
-0.72+0.26/n-O,26'
Average bullet-nosed mIssile Blunt-nosed missile
section
A-area
rm"O ~;' .~ : 0 -2JA/n'. .. . ..: ... .".:
i· D~d '
8
d- 2/8 8'In I
D-d-D,
Rectar.jJular section




Figure 3.3: Diameters and shapes of projectiles for Kar (88)
formula
The value 0f ~ 1S dependent on the dimensional units of equations
(3. JO) and (3.20). When the different quantities are in the ft,
pounds and seconds units, as described earlier, 0( is equal to
180, O.
When D is expressed in centimeters; is expressed in
centimeters; f'e is expressed in kilonewtons per square meter; V
is expressed in m/s; W is expressed in kilograms and Xp is
expressed in centimeters, then the value of oc is 120328, O. The




Kar (B8) also proposed the following f:;8f1bbing and perforation
equations:
l3(ds-a)/D~ -- 7,91(Xp/D'l) - 5,06(Xp/D.. )2 for Xp ID. ! 0.65
(3.24)
l3(d~-a}/D'l = 2,12 + 1,36{xp/D1} for 0,65 S Xp/D.. S 11,75
(or 3 f ds/D.. ! 18)
(3.25)
Xp/DI. f 1, 35
(3.26)
(dp -a}/D1 - 1.32 + 1,24(Xp/D1) for 1,35 f Xp/D~ £13,5
(or 3 ! ~/D .. S 18)
(3.27)
Where: 13 = (E../E)Oo:Z
a = Half the concrete aggregate size
These formulae can be used to determine the penetration depth and
the thiokness to prevent perforation and scabbing. From his
results it can be seen that the thickness of the test target does
not significantly influence the depth of penetration. The
aggregate sizes are shown to have effects on tht;; thickness to
prevent perforation and back face scabbing.
3.3.1.10 Degen formula
In 1980, based on statistical analysis of the penetrption,
perforation and residua] velocity data presented in refs. (4?, 57
and 59), Degen proposed the following perforation formulae (35):
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d p /D = 0, 69 .. 1, 29 Xp /0
3.15
for 2,65 i diD i 18 (3.28)
dp/D = 2,2Xp/0 - 0,3 (x"./Dfz for Xp/O 1 1,52 (3.29)
Where: ~ = Perforation thickness, in inches
D = Missile diameter, in inches
x". = Penetration depth, in inches
From the interpretation of test data, the following I :mi ts for
application of this eq. are supposed:
( 1 ) Reinforcing steel is 160 - 350 kg/Jr (9,97 - 21, 8 Ib/ft3 ) •
( 2 ) Striking velocity, V is 20 230 mls (82 -1023 ft/s) ,
( 3 ) Weight of missile, W is 15 343 kg (33 - 756 lb).
( 4) ConcreLe compressive strength, f'e: is 28 - 43 MPa
(41:3 - 6245 psi),
(5) Barrier thickness, d is 150 - 610 mm (6 - 24 in),
(6) Missile diameter, D is 100 - 305 mm (4 - 12 in),
(7) Ratio of slab thjckness to missile diameter,






using simplified models, principles of mechanics and
statistics, Chang (27) proposed the following two
for predicting scabbing and perforation thicknesses of a
panel:
Where: ds = Scabbing thickness, in inches
<4- = Perforation thickness, in inches
V = Impact. velocity, In ft/s
W = Weight. of missile. in pounds
D = Missile diameter, In inches





Y = Random variable for ds
Z = Random variable for ~
The values of Y and Z is determined by the B8Y~siMl r.tatistical
method and by comparing the calculated values of Y and Z. This
values of Y and Z can be adapted as more posterior sample data
becomes available. Chang (27) gives more detail on this process.
Chang (27) found Y to be equal to 1,84 and Z to be equal to 1.0
for tbeir test data. Tbus the formulae is simplified to :
(3.306)
(3.31£1)
The test data from which Chang developed his equations cover the
following ranges:
55 i V ~ 1023 ft/s,
0,24 ~ W i 756 1 b,
2 i d of 24 in,
0,79 i D i 12 in,
3300 So f'e:; i 6600 psi.
3.3.1.12 Haldar penetration formula
In 1983, Haldar et al. (61) in~roduced a new dimensionless
parameter I, call ed the impact factor.
defined as:
I = (W N VZ)/(g IP f'e:;)
The impact factor I is
(3.32)
All the parameters in equation (3.32) are identical to the
parameters in the NDRC equations.
eq. (3.31) can be rewritten as:
To be consistent with units.
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I - (12 N W 'P)/(32,2 D':5 f' c: ) (3.320)
Where: I ::: Impact factor
N ::: Nose shape factor ( normally 0,72)
W = Weight of missi Ie, in pounds
V = Impact velocity, in ft/s
D = Missile diameter, in inches
f'e _. Compressive strength of concrete. in psi
In 1984, after plotting several scatter diagrams for several
ranges of I values and carrying out I inear regression analys is
for different ranges of I values, Haldar (61) found that three
equations for three different ranges of the impact factor, showed
the best fit of the data points. They are:
Xp/D::: -0,0308 + 0,2251 I
Xp/D.- 0,6740 + 0,0567 I
Xp/D = 1,1875 + 0,0299 I
for 0,3 ! I f 4,0
for 4,0 ! I S 21,0




Where: Xp = Penetration depth, in inches
Halder uses the impact fect-or method as we 11 to pred i ct the
scabbing thickness as follows:
d./D ::: 3,3437 + 0,0342 I for 21 S I ! 385 (3.36)
Where: d s ::: Scabbing thickness, in inches
For large missiles where I is smaller tha~ 21 the scabbing
formula eq. (3.36) cannot be used. For this larger missiles





In 1984, assuming a parabolic impact force-pp.netration depth
relationship, Hughes (75) formulated formulae to predict
penetration depth, scabbing thickness and perforation thickness.
He defined an impact factor in terms of the concrete tensi Ie
strength, fro as follows:
Where: I' ::: Impact factor
fr- ::: 7,5 (f'c)o.e with units of psi
fro ::: {J,63 (f'e::: )0.::1 with units of MFa
M = Missile mass =WIg
V ::: Impact velocity
D ::: Missile diameter
(3.37)
To be consistent with units equation (3.37) can be rewritten as:
I' ::: (12W/32,2)V2/fr-D3 (3.378)
Where: fr ::: 7,5 ( f' c: )0. e
v~ = Weight of missile, in pounds
V - Impact velocity, in ftls-
D ::: Missile diameter, in inches
f'e:
- Compressive strength of concrete. in psi
He proposed the following formula to predict the penetration
depth:
Xp /D ::: (0, 19 K' 1') /S ( 3. 38 )
Where: x.,. ::: Penetration depth
K' - Nose shape factor and is equal to 1,0 for flat-
nosed missiJes; 1,12 for blunt nosed missiles;
1, 26 for average bullet nose (spherical end) ; and
1,39 for very sharp nose.
S :;: Strain rate factor given by:
S - 1,0 + 12,3 In' 1,0 + 0,03 I' ) (3.39)-
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Note that the impact factor, I', is dimensionless and therefore
oonsistent units must be used in its computation. Eq. (3.38) is
valid so long as neither scabbing nor perforation occurs.
Hughes equations for scabbing and perforation are as follows:
ds ID :: 1, 74(Xp /D) + 2.3 (3.40)
c4./D = 1, 58 (Xp /D) + 1,4 (3.41)
Where: d s = Scabbing thickness
dp ::; Perforation thickneRs
These formulae are val id in the range I' < 3500 which is the
range of the available test data of Hughes. The above formulae
will be conservative in the range T' < 40, and diD < 3.5, because
~he theory us'::~, neglects both elastic and global effects which
tend to reduce the severity of local damage. For diD < 3.5 the
global effects seems significant and for I' < 40 the elastic
effects seems significant. therefore Hughes gave the following
formulae for scabbing and perforation in these ranges:
ds /D ::; 5, 0 (Xp ID )
c\P ID ::; 3,6 (Xp ID)
3.3.1.14 Adeli and Amin formula
(3.42)
(3.43)
In 1985, Adelj and Amin (8) defined the dimensionless impact
factor, I, as:
I ::; (N W 'f2)/(g Irs f'e) (3.44)
To be consistent with the unit.s given later, eg. (3.44) can be
written as:
I ::; (12 N W 'F)/{32, 2 iP f'co) (3.44a)
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they fOI.md that the
I. and the penetration
quadratic and a cubic
two equations to predict
3.20
By using the least squares tecnnique
relationship between the impact factor.
depth, Xp, is best described as a
polynomial. They proposed the following
the penetration depth of concrete:
Xp/D = 0,0416 + 0,1698 I - 0,0045 12 (3.45)
Xp/D = 0,0123 + 0,196 I - 0,008 12 + 0,0001 I~ (3.46)
Adeli and Amin also
predicting scabbing
. mpact factor:






d 5 /D = 1,8685 + 0,4035 I - 0,0114 12












Penetration depth, in inches
Missile diameter, in inches
Impact factor
Nose shape factor defined by NDRe
= O~72; 1,0; 0,84; 1,14; for flat, bullet,
blunt and very sharp nose respectively
Weight of missile, in pounds
Impact velocity, in ft/s
Compressive strength of concrete, in psi
g = The gravity acceleration, in ft/s2
d s = Scabbing thickness, in inches
dp = Perforation thickness, in inches
Adeli and Amin's proposed formulae have been developed within the
following range of applicability:
89 ~ V ! 1.023 ft/s
0,7 .s: diD ! 18
0,24 S W S 756 lb
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Figure 3.4:
test data.
Comparison of recent penetr3t.ion formulae with
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3.3.2 Comparison of formulae
Based on the eXl~ellent r;tudy by Adeli and Amin (8) the
penetration. scabbing and perforation formulae will be comp~rBd.
3.3.2.1 Comparison of penetration formulae
Using the updated test data summarized by Sliter (152), the
formulae for predicting local effects of hard or solid missiles
can bA evaluated. It is interesting to note that all the recent
formulae are based on a dimensionless impact factor. Figure 3.4
shows the recent penet.ration formulae (Haldar, Hughes. Adeli
parabolic and Adeli c·l.lbic) along with the available test data.
After drawing snatter diagrams of available penetration formulae
fOt' >:pIx (x is the experimentally observed depth) versus x/D.
Adeli and Amin (8) made the following observations:
( 1 ) For x/D ~ 0,6, Modified NDRC. Haldar.
Parabolic and Cubic Adeli formulae tend
experimental results within ± 25%.
Hughes and the
to agree wi th
(2 ) For x/D .i 0.6, Modified Petry II,
and Cubic Adel i formu lae ftgree
better thAn the other ones.
Haldar and the Parabolic
with experimentbl results
(3) ACE and thp. Petry I formulae over predici
depth with tl big margin.
he penetration
Generally, Hughes, Haldar and the Parabolic and Cubic Adeli
formulae predict the penetration depth bet.t.er than the other
ones. Therefore Adeli and Amin carr-jed out two statistical
comparisons on these formulae. 1..-) each comparison they
calculated the variance and the ctJeff-:eient of variat.ion. The
results are given in tables 3.1 and 3.2.
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Table 3. 1 : A statistical comparison ,)1' f.'f~nr::tration forrlJl.Jla€
with all available data poirlts.





Parabolic Adeli 0,02280 0, 14339
Cubic Adeli 0,02315 0, 14449
Table 3.2: A st.atist i cal comparison of penetration formulae
with data points of vel oci t.y > 475 ft/s




HUf{hes 0, (J~3378 0,14818
ParEtbo 1 i r' AcIel i 0,02f,98 0, 12994
Cubic Adcl i 0,02650 0,13124
3.3.2.2 Cnrnpari~on 1,If ~;cabbing fnrmulaE'
After compar ing
formu 1ae (NDRC,
the resul ts of nine of th,~ avai lable scabbing
Pet~ry I. Pet.ry II. ACE, BRL. Rechtel, Chang,
Hughes and the Adeli formula), Adeli and Amin (8) made the
following ohservations:
(1) The Adeli, Chang and Becbtel formulae predict the scabbing
t.hickness better than the other formulae and they are in
gen8ral t.he least. conServative formulae among all the
formulae. NDRC and ACE formulae agree with the experimental
data qu i t.e w811 but they are som~what more conservat.i ve than
the Chnng and Reeh te 1 forml.ll al".
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(2) The Hughes formula is tho most (:unservfltive in predicting
the scabbing thickness. This might be expected since it was
originally developed from a. physical model of unreinforced
concrete barriers, while the test5 were performed on
reinforced barriers.
(3) Modified Petry I and II and BRL formulae are the poorest in
predicting the scabbing thickness.
3.3.2.3 Comparison of perforation formylae
Aft;er similar comparisons, to those for scabbing, were performed
by Adeli and Amin (8), they made the following observations:
( 1 ) The Adel i perforation formula. Chang Degen and CEA-EDF
formulae predict". the perforation thickness better than the
other ones. In general, they are the least conservati ve
formulae and could be used reliably to calculate the
perforation thickness for situations similar to those of the
tests. NDRC and Petry I a 1so show good agreement wi th the
experimental results but not as good as those of the Adeli,
Chang, Degen and CEA-EDF formulae.
(2) Hughes formula predicted that perforation occurred in 41
tests out of 87 t.ests where perforation actually did not
occur. This conservatism might, be expected since the
physical model from which the formula was developed was
based on unreinforced concrete barriers.
(3) Petry II and BRL formulae predicted that perforation did not
occur in 14 and 13 test,s, respectively, out of 16 tests
where perforation actually occurred. Therefore, they are
not recommended to be used to calculate the perforation
thickness for situations similar to those of the tests.
(4) The ACE formula has t.he smallest range of applicabilit.y and
does not. show good ftgreemcnt. wi t.h t.he experimental resul ts.
Stellenbosch University http://scholar.sun.ac.za
3.25
3.3.3 Conolusions on impact effect of hard (Qr soJ missiles
Since all the formulae were basically developed ~mpirically or
semi-empirically for the concrete impact problem, more
experiments should be conducted. In these experiments the amount
of reinforcing steel, the aggregate size, and the inclination of
the missile on the t.arget surface need to be considered. The
amount of reinforcement seems to have a considerable influence on
the perforation of concrete walls. Eibl (41} found that stirrups
or shear reinforcement increase the resistance to punching
considerably because the shear reinforcement is activated soon
after contact. On the other hand the bending reinforcement has
no significant influence to the punching problem. because it is
activated only after largp. deformations of the punching cone
occurred.
A study by Haldar (61), using t.he energy approach, confirms that
for smaller non-deformable missiles the ~nergy dissipation due to
the overall structural response is very ~mall compared to the
local effects and can for most cases be neglected.
The following recommendations are suggested for design engineers:
(1) For non-defor-mable missiles with velocities lower than 475
ft/s, thp. Adeli Parabolic formula is recommended for
calculating the penetration depth.
{2) For non-deformable missiles of velocity higher than 475 ftls
and lower than 1000 ftls, the Adeli Parabolic or Modified
NDRC formula is recommended for cal ~1.dating the penetration
depth.
(3) For non-deformable missiles with velocities le~s than 1020
ftls, the Adeli, Chang or Bechtel formula is reuommended for
computing t.he scabbi ng t.h i ,-·knesf.:.
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(4) For non-deformable missiles of velocity le~s than 1020 ft/s,
the Adeli, Chang, Degen, or CEA-EDF formula is recommended
for computing the perforation thickness.
3.4 Impact effect Qf SQft or deformable missiles Qn concrete
Deformable missiles or impactors can be divided into two
categories: (a) intermediately deformable - subject to plastic
deformation upon impact;
and (b) highly d~formable - missile or impactor destroyed
upon impact.
Once again two modes of failure can be considered in design:
(1) lQcal effects; and
(2) global effects.
Where the 1 i terature is replete wi th methods to analyze the
impact effects of non-deformable missilp9 on cQncr~te, there are
very little information available for the analysis of the effects
of deformable missiles on concrete. The first step in analyzing
the effect of deformable missiles or impactors on concrete is to
determine the impactive load or to find a simplified force-time
history model for the impact of deformable missiles.
3.4.1 Method of McMahon, Meyers and Buchert
3.4.1.1 McMahon's force-time history
McMahon, et al. (108) developed a shape for the force-time
history for a p1pe missile that resembles that of missile
decelerations as observed in tests. The simplified force-time
history model suggested for the Imp)ct of deformable missiles is







t. 1S the time it takes to develop maximum stress in the
missile.
t7 is the time that the missile is in a compressed plastic
state.
t.~. is the time that the stress in the miss i Ie starts to
decrease.
~, is the time at which the stress in the missile is reduced
t.o zero.
Figure 3.5: Force-time history model (108)
The following assumptions was made by McMahon. et a1. 1.n their
derivations:
1. Local effects damage is completely dependent on momentum and
the missile kinetic energy that must be dissipated by
missile and barrier deformation.
2. Kinetic energy can be absorbed by: (a) Energy of the missile
penetrating the barrier .- Es,.; (he) strain energy of the
missile = SEn.; (c) strain energy of the target::. SEt.
3. For local effects. ~ + SF~ ») SEt.
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Therefore, SE~ can be conservatively neglected when considering
local effects damage by assuming the missile kinetic energy, KE,
to be absorbed by missile deformation and penetration (KE =
E;p+SE...) .
The time period t < t1 represents a linear stress increase after
impact as well as a time delf:l.Y prior to initiating plastic
deformation. During this time it is assurr.ed that energy is
absorbed by penetration only. The time period t2 < t < ~
represents missi Ie penetrat.ion f:l.fter the tension wave returns
from the free end. During the interval tJ < t < t:z, it is
assumed that the missile deforms plastically by wrinkling. The
interval t3 - t4 is extremely small and can be accounted for by
averaging t~ and tAo McMahon Approximated t1 by:
(3.49)
Where: ~=~ = The average critical wrinkling stress of the pipe
impacting the barrier, ~iven by eq. (3.50).
(3.50)
~lhere : Et:. - Tangent modulus of elasticity-
Es = Secant modulus of elasticity
E - Modulus of elasticity-
t = Pi.pe wall thi.~knes~
R - Pipe radius-
v - Poissons ratio (pipe) elastic-
vp ::: Poissons ratio (pipe) plastic
K' - Buckl ing factor dependent on R/t-
(K' - 0, fl2 for R/t. = 20)-
The propagated interface stress is continually decreasing with
time. There is 8.1so a drop in stress after wrinkl ing. To
account for these variations the everage interface stress a.ssumed
for a bilinear stres~-time diagram is:
~C::~ = 0,90 <r'c..-- (3.51)
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The tim~ during which the pipe is compressed plastically is the
time it takes the initially propagated stress weve to return as a
reflected tension wave and is:
k = L/~ + LICe: (3.52)
Where: L = The missile length
~ = Speed of an elastic stress wave
Ce: = Speed of plastic stress wave
C'.p = (E/p)o.:::t (3.53)
Ce: = (E",/p}o.e (3.54)
Where: E ~ Modulus of elasticity
Et - Tangent modulus of elasticity
p ~ Material density
The final time, t~, can be evaluated from thp- impulse-momentum
relationship:
k = (-m V.., ) IF + t2 (3.55)
Where: m = The missile mass
V2 - The missile velocity at ~
-
F - ThF3 interface force-
3.4.1.2 Penetration according to McMahon. et al. (108)
Penetration and. miss i Ie deformation can now be calculated from
the time history shown in figure 3.5. Areas I and III represent
penetration and Area I I represents plastic miss i Ie deformation.
Therefore for Area I:
F(t) = Ft/t1 and a(t) (acceleration) = Ft/mt1








= Ft2 /2mt. ~ c.
C2 = 0
Thus the penetration during time t1 is:
Similarly the plastic missile deformation during t. to t:z is:
And the penetration during t2 to ~ is:
X:3 - X2 = -(mV2 :Z ) /2F
The total penetration is therefore:
Where: Xp = Penetration depth
x. = Penetration during time t.
Xc: - Plastic deformation of missile-
F - The interface force-




The preceding solution assumes that the missi Ie deforms
plastically unti 1 the tension wave is reflected back to the
impact end from the free end of the missile (t:z < t < t.).
3.4.1.3 Spalling thickness according to McMahon. et al. (108)
McMahon, et al. suggested the
specific concrete spalling
subscripts 0, 1, 2, and 3 are
t:z , and "t:3. )
following procedure to determine a
thickness: (In all formulae,
used to indicate values at to, t •.
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1. Determine critical pipe stress, eq. (3.50) a.nd eq. (3.51).
2. Determine pipe force: F
'"
-gc;r A
3. Determine rise time: t. = 3,2 x 10-~ F (F in kips)
4. Determine wrinkling dura.tion, eq. (3.52)





V1 = Ft1/2m + Vo
V2 :; (F/m) (t:z t a ) + i/1
Determine final impact duration. eq. (3.55)
Determine penetration distance, eq. (3.59)
Determine crushing length,
Xc : (m/F)[(V:z - V.)2/2 + Vl(V2 - V1 )]
Find R:z





10. Use spalling equation:
(x + r)2 x > [(6w...KE.../n~M....ru)-w....][1,728/ec:"J _R:z2't.:,;
(3.64)
Wbere: x = h .- x.,. - to:::
Xp = Penetration depth in inches
r = Pipe radius ir. inches
w... = Missile weight in kips
KEn. ;:; (Wn. Vm 2 ) Ie 2g) in kip-ft
Ik - As defined by eq. (3.63)-
M... ;:; Ultimate moment capacity at hinge in inch-kips
per inch
ru U}t.imat.f=! rot.ational capacity at hinge in radians
eo:: - 0.15 kef
t~ = Concrete cover in inches





A barrier thickness h is assumed. and if
icl satisfied, the thickness is sufficient.
spelling equation is limited in its
not apply to thin barriers, h <. 12 inches
(300 mm). The equation is not valid for lower ~hickne£ses
because the failure mechanism for 5tH l slabs can be different.
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For highly deformable missiles there is no penetration, since the
missile is destroyed during impact. This means that the missile
momentum is entirely dissipated before the reflected stress wave
returns. Therefore a oonstant time history for the impact can be
assumed.
3.4.2 Kar method (S8}
In 1979, Kar investigated all the available methods for analyzing
the effect of deformable missiles impacting concrete structures.
He also commented on the assumed force-time history as developed
by McMahon, et al. (108). His objection against McMahon's theory
1S that McMahon's deceleration-time history is dependent on an
assumed contact pressure at the interface of the missile and the
barrier, and sufficient verification with test results have not
been provided. Therefore Kar mod i fied the originally proposed
time history based on the principle of colliding elastic bodies
and available test data. Once again the load-time history has to
be developed before the struct~ural resistance can be evaiuated.
3.4.2.1 Load-time historY accQrding to Kar
From the principle of colliding elastic bodies, the velocity, V,
of the missile at time, t, can be obtained from:
v - Vo exp{ -p." AC::tjM) (3. 65)
Where: v - Missile velocity
VO ~ Normal impact velocity
Pc := Dens i ty of concrete
A = Cross sectional area of missile
~ - Speed of sound in concrete




By differentiating equation (3.65) with r~Bpect to time. the





limited rigidity of the




8 = 0,63(kt._.... ..-._.... /kn.. __ &1 .. )O.lb S 1.0 (3.68)
Where the stiffness of the miGsile ~'& __ .1_ is given by:
kln& _.11_ = AE/L (3.69)
Where: L = Length of missile
In eq. (3.68) kn_........... _ ... - Stiffness of the bflrrier acting as a
~pring. In determining kt._.......... _..-, the uncr~cked properties of the
barrier are considered.
Kar (88) proposed a theory that the magnitude of the deceleration
starts from ~ero at t = 0, linearly increases, and peaks at time
t' given by:
t' = O,0464{(depth of penetration in fep-t~ )/ (Vo)o.~}
(3.70)
Where Vo is in feet per second and all the other parameters are
in the Fps units.
After reaching the peak at time t = t'. The missile decelerates
1 inearly and stops at time t 2t' . A t.rj angu lar deceleration
function with equal rise and decay t.imes is thl.lS obt&ined (see
fig. 3.6). To find the load-time histol~Y the following equa<t:ion
can be used:
F = M a (3.7J)
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Figure 3.6: Deceleration-time history according to Kar (88).
3.4.2.2 Eenetration depth according to Kar
Thus, t' is known,
can pe- found.
By using eg. (3.66).







can be fOI.md because the
- 0) and all the other
and from eq. (3.70) the
3.4.2.3 Scabbin,g and perforation thicknesses ac~ording to Kar
To find the scabbing and perforation ~hicknesses it is suggested
that Kar's formulae for hard or non-defcrmable missi les (eq.'s
(3.24) (~1.27» are llsed. The only difference is that the
penet.ration dept.h. Xp • is cbanged.
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In 1980, Sliter eVall.lated th,· rnF'1hoo tC11'1t thlj NflRC funl1l.J]a for
penetraLinn of hard missilef; (eq.·s (:i.7) and (3.8» is used for
deformable missiles as well. To account for the deformability of
the missiles, espeoially pipe missiles, the nose shape factor, N,
:is adjusted nr an "equivt:tJent" diam'3ter for D in the forml.ll8.r~ is
used.
A conservative estimate of penetration has been obtained by
assuming an effecti ve d iarneter. De, as the d iarneter of a sol id
cylindf'r having the same er'oss-sectional area (metal) as tht"
pipe. Sine/? thi~ aS~--'lllnpti"'n (·fff·ctive]y (·oncent.ratf'.!S the impact
area and presGrjtJR~ non-deformahility of the missile, an upper--
bound est.iwate of penetration rpsults. An appropriate ,-,boice for
the nose shape factor N is 0,72 corresponding to the flat-nosed
effective missilp.
A ] ower estimate (n.)t ;j lower bound) ean be obtained by taking
t.he diameter. D. t-.I) b0 the out.side diameter, Do. and perhaps give
t.he nose shApe fnct.CJr a biP.'~pr Vh llle than O. '12 to acC'ount for the
sharp edges of th~ pipe.
Comparisun:3 by ;~lit.cr ;.;bow that, the b'~fiL overall f\f'!'reement,
bet.w.~en r_hF' meHsured and calr·ulat.ed penetration depths is
(lbtained us ing t,he '-Juts ide d i ampt,er. Do. of t.he pipes in the NDRC
formulae. HI'" 8lsu found that t.he formulae with N :: 0.72 gives
somewhat. hl,t ~ " r Flp.;rpp-men t. t:.h.':\n thF1 t. with N _. '.0. Use of the
equivalent. rllHmet~r. D~, r]parly ~ivps A C'onservatively high
pred i ct i (:,n .
I f the NDRC
and (:3. 11 ) I
thicknesses
fOrlfll.llfl.e for ':cFl.bbing ,'i:-Id ~'erf(1rE1t.ion (eq, 's (l.lO)
l~; used t,n (~~t.imal." ::.h~ ~~('Clbbing and pprforatiu1
te~lr dpforrnable rnissi le8. the ~-:~rne rPflr;rming, as +''Jt'
penetration rlppth. applies.
In conclusion ~liter ,:8id t-b:,t ':,.- ;'f"<lI-Sjt~.l of data makes it
diffi<::ult tu dec-ide whf't-ht-'I' tfl" ::;"':.,_'1 ~nvp"t-il2:atf"d by bim lS
adequat(' fnr deslp,n purF,n~;f>~:
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3.4.4 Conclusions on the impqcL effect of deformable missiles
Due to the little data avai 18ble on Ule impact damage effects of
deformable missiles on concrete, it is at this stage very
difficult to compare the three methods discussed in thi~ study.
All three methods have thei r shortcorni ngs and thei r fields of
applicabi 1 i ty.
The method discussed by Sliter is once agaIn an empirical method
and what is worse is that this method was developed for hard
missiles. Attempts are now made to fit it onto data of
deformable missiles. The results of this method does not compare
·...ell with the litt.le flvailablA data. Therefore this method is
. :finitely not recommended.
McMahon. At a!. and Kar t.ried to develop a comp] ete different
approach t.han the empirical approach. although they still use
~ome empirical values. The main difference between their
approaches h; the assurnpt i on of the load -t ime hi stnr i ~S. Th is
means that their fields of applicability is t.otally different and
therefore L.h~ir met.bods al'e very diffjc:ult to compare. Due to
this difference and the s~arcity of available data. t.hese t .....o
methods will not be compAred. The reader can decide whi~h one is




4. MECHANICAL PROPERTIES ot' CONCRETE AND Rlt:INFORCING STEEL
SUBJECTED TO IMPACT,
4.1 Introduction
The influence of high stress or strain rates upon the mechanical
properties of materials is considered in this chapter. The high
stress rates or loading rates. associated with impact loads. have
a significant influence on properties like the compressive
strength. tensile strength. stress-strain behaviour and bond
between steel and concrete. Insufficient insight into the
behaviour of materials at higher rates of loading may lead to
overestimating s~fety of structures and to uneconomical design.
4.2 Strain rates
(increase
These figures ( 134. 173) are very
to considerable scatter. because not only
of the structure i tsel f determine the
approximate and subject
the mass and stiffness
in stress per unit time) and strain
in practice areconditions encountered
4. 1.
impact
The ] oad i ng rftt.es
rates of i-.ypica]
given in table
loading rate, but also the stiffness of the striker.
Table 4. 1 : Loading rate and strain rate categories
Load cat.egory Loading case Loading rate ir Strain rate E
(N/mrrrms) (lis)
Quasi-static <10-"
Vessel collision }0-4 t.o 10-~ 10-~
Int.e rmed i ate 10-4 to 10-2
Vehicle co]lis;0rJ 10-3 t.o 10-2 10-"
8fts explosion 10- :s 1.0 10- 2 10-'4
Crasbing aircraft 10 - I to 1()O 10-2
High 10- 2 "t·o 10'
Eart.hquRkF! 5. 10 1 "t .. l~ 10'-:Z t.o 3.1<r





Experimental investigations showed that concrete is a rate
sensitive material.
4.3.1 Tension
The effect the loading rate has upon the tensile strength of
concrete has been dealt with in 8 limited number of publications
(183, 134). Typical results are shown in figure 4.1, with the
stress or strain rate on the horizontal axis and the impaot
tensile strength normalized by the static strength along the
vertical axis. Evident from this figure is that the direct
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Figure 4.1: Influence of tile stress rate on the uniaxial
tensile strength of concrete (183).
A relationship between tensile strength and stress rate was




Where: f = Impact tensile strength of (:oncrete
f..,::.. Static tensile strength of concrete
<T = Impact stress rate
lTo::' Static stress rate









exper i merl ta 1
the Stevin
laboratory (180), to equation 4.1. With the exponent 1/( l ...a)
equal to 0.042 and <To = 10-4 N/mmr per ms and fo = 3,1 N/mmz, the































figure 4.2: Increase of tens i Ie strength of concrete wi th
increasing stress rate (173).
In figure 4.2 the values on the horizontal axis begins with 1
(unity), corresponding to the static test. With increasing rate,
the strength also increases and t1t.tains at lOb a mean value of
1,8 times the static strength. The value which 5% of the results
will reach is 1,35 and the value which will be exceeded by 5% of
the results is 2,37. From the figure it also emerges that for a
loading rate ratio of 10~ the 5% lower limit just coincides with
unity. It can also be shown stat.istieflllY t.hat in only 0,05% of
cases there wi 11 be no inc'rease in sTrength at all i: t.he loading
rate rat.i 0 is j ne:reased tn 10"". Th0 ~eneral ~on~lusion is that
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higher loading rates result in an increase of 'tensile strength of
concrete. This increase may be influenced by some factorf; such
as the composition and the properties of the cons~ituentG of the
concrete.
Figure 4.3 shows stress-strain relationships (173. 134)
determined in uniaxial impact and static tensile tests
respectively. It indicates that not only the tensi le strength
but also the corresponding strains are grea.ter under impact than
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Figure 4.:3: St.atic and Impa.ct stress-strain diagram {173,
134} .
While the static modulus of elasticity (secant modulus determined
at the origin of the diagram) was 25500 N/mm2 at <r=-2 N/JDJJiZ; in
the impact test it was 39500 N/mffi2 at the same level of stress.
At <r=5N/mrrr this lat·ter value decreased to 30000 N/mm2 • The
strain associated with the highest stress is 0,014% in the static
test and 0,024% in the impact test. These results therefore show
that the concrete hehaves in a more rigid. but not in a more
brittle manner when subjected to impact loading.
A model for tensile fracture of concrete at high rates of loading
explains the above mentioned phenomena by co~siaering the amount
of simultaneous crl'1.cking of concrete end the pat.hs of single
cracks as being stress rate dependent. At hi~h stress rates more
extensive cracking t~kes place ::md cracks hrp furced t.o propagate
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through tough aggregate partiC.1es instead of
interfaces between the particles and the matrix.
along weak
This model predicts higher tensile strength and fracture energy
for concretes made with tough well-bonded aggregate particles,
which is in fair agreement with experimental results showing
higher tensile strength of concretes with low water-cement ratios
and relatively small aggregate particles. The properties of
interfaces are essential to the tensile behaviour of concrete at
low loading rates, whereas the properties of aggregate are
essential to the behaviour at high rates of loading.
Figure 4.4 shows results of compressive tests conducted by
several researchers (179) on various concretes. Despite the
considerable scatter exhibited by the experimental results it can
b~ concluded that the compressive strength of concrete increases
with the rate of loading, especially when the strain rate exceeds
ten mm/rom per second.
This increase is less L.han in the case of tensile strength. At
high loading rates (E ) 0,2/s) the compressive strength increases
very rapidly. A similar effect can be observed for tensile
streng+.h (see fig. 4. 1) .
Dargel (179) suggested the following relationships:
fe/feo ::: 1,10 + 9,06.10- 3 In(E)
fe/feo ::: 1,30 + 13 In(E)
for E ~ 0, 191 s-'
for E ) 0, 191 S-1
(4.2)
Where: fe = Impact compressive strength of concrete
feo ::: Static compressive strength of concrete
It fits the experimental results rather well. as shown in figure
4.4. Not~ that the relationship between q and E involves the E-
modulus which is rate dependent. Here again the increase in
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strength depends on the composi tion and the properties of the
constituents of the concrete. It was observed (74) that IJnder
impact loading conditions, more aggregate particles were
fractured than under static compressive loading. Concretes with
a smaller maximum size of aggregate particles and a better
interfacial bond with the cement matrix, exhibited higher
strengths but were less affected by high rates of loading. This
indicates that impact compressive loading forced cracks to
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Figure 4.4: lnflilence of the loading rate upon uniaxial
compressive strength of concrete (179).
The stress strain relationships for concrete under static and
impact rates of loading manifest differences in strains
corresponding to the maximum stresses, see figure 4.5.
Hjorth (182) showed that the stiffness of the concrete increases
with the rate of loadir.g. The increase i~ the E-modulus can be
described by similar exp~essions as those for compressive










Figure 4 ..~I: Stress-strain curves for conc'rete in C'oUlpre~sion
at different. strahl rates (l82i.
EIEo .. 1. 10 j 9,06.10- 3 In(E) for E i 0,191 ,,~ . 1oJ
.
E/Eo =: l,~G -t 13 In(E) .fa E) 0, 191 s - 1
(4.3)
WI-Jere: E - Imp8~t 01aRticj~y modulus
J~ S tl't t. i C' e 1as t i (; : t y mad u I u::;
Figure -I. IJ shows the propo~ed !-e 1fit. i nm;h i p;, l(lE{et.her .... i th the
(~xper in:pnt Ell r€'~:1l1 t.~.








Figure 4.7: The effect of strain rate upon Poisson's ratio
for ~/~~_M ~ 40% (173).
The influence of the stress rate upon Poisson's ra.1U is shown in
figure 4.7. The value of poisson's ratio increases with
increasing rf.te of tensile loadIng and Jecreases with increasing
rate of comp-essive loading.
4.3.3 Calculation of Vmf>i Ie strength from 9l.lbe (compressjve)
strengtr.J,
If no ~ riit.ional t.ens i I P. streng t.h test!"; on ~oncrete are
available, the tensile strength can be calculated from the
concrete cube strength. Reinhardt (134) proposed the two sets of
formulae based ~n th~ Netherlands code of practice for concrete.
VR 1974. and the CEB-FTP Model Code presented in table 4.3.
'I'ablp 4.3: Ten~:: i 1 e st.rength formulae for concrete
I-
Stress rate (]" VB 1974 CEB-FIP
(u/(,o) - 1 ft~ - O.87[1+{1/20)fc~1 ft ... 0, :::2!'"J fc<..A (2'''3>- -
(st-.at.lc)
I(u/uo) - IlfS t~•.:. In ::- 0,87[3. 1b + ( 1/40) fc u J I ft", .- j • 10 f.~ .... ( 1. "3)








rigllre <1.}3: Helat.ionr;biv lwtwef"~lJ ('urJ,:rete tFm~llc ~.;trpnp'th
and c:uoP ';t.r~ng1 h 8ccord i ng 1.0 Vk fu::-mu 1a,- and thf:' Il,od i f i ed
l:~:M I"H.! f<:JrmulfH'~ (Zi,.:lln~;ki 1~.I8~).
Where: f" .... - Tensile strength of concrete in N/mrrr'
feu - Compn:'ssive r.ube strengt.h of c-oncrp.tp In N.'mrr?
B'igure 4.8 shnw'; t.he t.wo SAV,; (,1' fnrmU]l1P plott.ed wit.h tf-'~3t dbth,
4.3.4 Biaxial loadin~
'.11 [.i8>:la1 IlJadjn~:;f
cCJncrett~ IJrlder impti0.t and st-:-.:.tl,·
1ncro8Sp. in ,;t.rr·np:tb dUI~: t',t:, h 1111:
I ~: ,
~.. ,
H~ found tbaL Lhe
t ,e'n,; 1 If' 1r 'aJ i nf! was
j"'lin~ ",-nd for Gonr-ret.-·
I~iel inski also fCJI.md t.h£lt th, ' 1"
rat.es of I ('FIn i ng.
appl ied t~(J constrllct.i np: fl1ilure env~lopes of
The impacl, ~.;trf-:'s:,,; <_;t.rF:lin "'tl",""
st,at'.i. .. ones and rhp ':1 t"'11:
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l.ielinski concluded that furt:hel' invesLlguLluns Uf) (·url!·r ...~t(": urldor
various combinfltiotls ()f rnult."j-axifll ]oadinf{ ar': !"-~quired for-
verifying the rate-sdmoitiv,mess of concretE; subje("~t.l'.;d UJ
rlifferen~ loading conditions.
'1.3.5 Shear
lnvesti gat.ions of the impact f-ihear strengt.h of (,oncrete ar,.". v~!'y
limit.ed. A number of different factors mi~ht. have infJuenr.l'..:d th ..·
limited results available as well. Thus it might be dan~erous at
this stage to predict the trAnrl of the shea~ behaviour of
concrete under impact loading.
SomA static t.p.st.~~ werA I,ompared (10) with st.rengt.h~j f')r c1ynFtml"
load pulses with rise T.imes of bet.ween 25 and 70 ms. F,)r plain
concrete the averftge increases in t.he rat i 0 of shear "tr(;ngth to
stAtic strength were 15%.
4.4 Reinfor~ing steel
The behavlour of reinforcing steel at high rnt.fOS ()f Jnadin~ IS of
considerable irnp0rtance, [;incB it inflllen"f;>S the deformat.ions of
concrete strl,wt.l.lrr:>~; lInd T.hf'i r :.,h i 1 i t".y t.CI abs,.-'rb f::nf:'rg.v <It. impact
loadine. Oesplt.f· extensivp rrc'~;f:E1rch ar-:t,ivit.ies in steel test.ing,
little ha~; be~~n rlnnt-' wit.h r'psp!2('f t.n thE' behavi.nllr (,f rpinforcing
t-lar'~; unrlpr impiH~t londing.
Figure 4.~ ~hl-~WS st,rf:~ss-st.r.~drl t'f:dat-ic1nsblpf_; (l'/~n ft)[' 1::1 rIbbed
cold workl":d reinforcing ~~t.e~·i (SST (120/!',tJ,-, RI\). u rlhbed self-
hFlrdening t'f~inforcing f~t.eel (EST (l~:I-)/.C:,oo RIJ\ "inti a ribbed hi~h­
t.ensile st.eel (SST l080/J~'l20) t,J,)r~p th:! ':hl~ r'ff("'L~' ,-,f high
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In the car;e of B~~T 420/E.OO HK ~;t.eel,
elongation char8oteri~tioa increas~d
logari~hm of the rate of strain.
tht=- lensilf:: st.rength £:1nd
almost linearly with the
The tensile strength of BST 420/500 RIJ steel increased linearly
with the rate of stressing, whereas the ductilit.y wa~, little
affected by the rate of loading.
The behaviour of B~T 1080/1320 steel was hardly affected by the
rate of strain.
The influence of the rate of strain upon the tensile strength. a,
and the uniform elongation. €, (at 0nset of necking) can be
expres~ed by the formulae (113):
a c: A + B In(E)
(4.4)
E ':: C + n In(E)
Where: a - T8nsilp stress of reinforrement
E .. :.:;t.rFl.in rat.':!
E - St.rE:11n of rpinf(.rcc,nenl
The Ftpproxirrmtp vftlIJPf; 1-'£ the (~oefficient.s A. B. \: rind Dare
summarized in Tablp 4.4.
-- <~tee 11Table 11. <I : Coeffie i entr; for rate effect.~ on
prop(,rt i es .
A B C D
SteF: 1
BST 420/bOO HK t.8U 6.03 11. 5 1),78
BST 420/;,00 HlJ f-l.~O 6,27 12.2 0.19
P,ST 108U/l :320 - 5.5 0.19
As <.;;j,!"j bt~ se,.::rl 1tl fjglll'f' .'1. 8. the F modulus seems not to be
thE:' influf'nce ,-,f t:hp st.rhHI 1'1.1,· ·'t: th.=- !<;-modlllIIS is verv small
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4.5.1 Deformed Of rihbed rAinforcing hnrR
Vos (168) investigated the loading rate effect on the bond
between concrete and ribbed steel. Figures 4.10 and 4.11 show
the effects of four different loading rates for a low ~;t,rt:'ngtb
and a high strength concre\,e. The effect of loading rate 1S
clear; there is a pronounced increase in the pull <)IJt: resistance
wi th a higher load i ng rate. Somet.hing that should be noted is
that the increa~e of bond resisthnce due to a high loading rate
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Figure :1.11: Bond stress-sl ip i:urves of defo~med bars at
various h)Etding rates for high f;trength concrete (~,4. 8MPa).
( 173 )
The ribs of deformed bars oppose the bar displac:ements in the
concrete. Due to very higb intensity of f.:;t.re~s(·~; under t.he ribs,
crushing and cracking of the concrete t.akes pIece. Since both
the compressive strength and the tensile Rtrength of the cnncrete
are stress rat.e dependent, t.he bond of t.he deformed hers is also
in f 1 \lenced hy t.lv·-' rl:l.te of 1oar! i ng.
The fo 11 OW} 'If': fDrmu 1FI (168) is sllggested fOl' t.he bond strength
and the ratf'~ of load ing T:
Where: T = bonr! strength
To:> - bond strengt.h corref.;pond i ng to t.he stat ic ra I.e of
loading of 0,3. IC) "5 N/mrrrzms.
The exponl"nt j.J 1S ~ funct i on 0 f th~: ("r,rnf'rpss 1 ve ~;trength ,)f the





Wbere: 8 - displl:1cernent in n!In for: 0 ..... 8<0, 2mrn
f-.= .... = concr.=:te cube compress i ve ~l;.rengtb in N/ltm~
The relative rib surface area fr should be between 0.065 and 0.1
for this formula.
4.5.2 ?Jain reinforcing bars
Figure 4.12 (IS8) indicates that t,he loading rate has no
significant influence on the bond strength and bond Btiffness.
From t.hese results and from that of other experimental
investigations. it emerRed that no further investigations on the
bond resist-ance of pltlin reinforcing bars Wf:'.·e necessary. It can
·~-t..ill.l!j be concluded that folain reinforcir'f{ oars are not sensitive
I.n "t·hp. rate of loading.
Slrni lar results were obtained for prestre~,sing strand tendons.
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Figure 4.1~~: Hc:md st-n,'~~~; <.;1 it' ",Jr'.;F-,; ,'-,f pJ~1n bF1rs for F1 lOW
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Figure 4.13: Bond stress lip curves of prestres~ing stranJ
tendons for luw and high loading rotes. (168)
4.6 Conclusions
From the revip-w HI this .-,hap1.r·r it j::; clear that tbe rate o~
loadir:f(' has a [;i.gnific;ant infhlf_'r!I_'('~ Otl thp. r'C·LI';Vant. rnf3chanical
propert-iAS of !;t'f'el Plnd ('onrret.e.
also lndicate t.hat impact Increase in t.he
magnit.ude of the failure l;"ld. D1.le t.::: r.hR complexity of this
prob 1 em. mas t. investigators did not. :\ nt.r r1dlice t-bps.-. rps\.J 1t.s into
recommended forrnu JHt'.




5. ANALYTICI\L MODF.L F'OH-TIlE DYNAMIC RESPONSE Of A ChtlTILEVER
COLOMl;
5.1 The set-up cf the ca.ntilever ~ollJmn
A horizontal impact load is introduced to 8 reinforced ooncrete
cantilever column. An L1xial load is applied to the free end cf
the cantilever column. At the top of the column a concentrated
mass of 200 kg is situated. The column is l,6m in length and is
350mm deep and 150mm wide. The horizcntal impact load is applied
at a height of a,74m. The set-up is shown in figure 5.1.
This set-up is similar to the set-up used in the experimental
investigation described in Chapter 7 and Appendix B. F0r a more
ikt"li led description of the column aHd the measu!'ing stations,
etc. f'.,fer t.o Appendix B.
AXIAL LOAD
CONOENTRATED MASS




5.2 Iptroduction to the analytical model
In two recent studies of the be~m impact problem, th~. of Hughes
and Spei rs (77) and Ammann (10), the Bernoull i·-Euler beam theorY
and the Timoshenko beam theory were used. Hughes and Speir~
actually used the simpler Bernoulli-Euler thefJry of free and
forced vibrations of the beam. They] nd i(·a.:-ed that in t.heir
specific case it was not necess~ry to use the ffiathematically more
complicated Timoshenko theory which provide aaditionally for the
shear deformation and the rotat.ory inertia of the beam. Their
beam vibration equat.ions were also mathematically qui t.e simple
and this s impl ifi ed all thei r calculations. Thai r results
obtained by this theory were very good and ~hey showed that this
1.ype of approach is sti 11 one of the best methods to explain this
problem.
Unfortunately the simple Bernoully-Euler thel:Jry cannot. explain
the behaviour of the column under invest igati on sat i sfactori ly.
because the shear deforrnaticn and stiffnes~ as well as the
inertia played a significant role. Mor~nver the collJrnn carri':!d
an axial load as well as a concentrated m&s,; at the top of the
column. All these factors c-o,nplica1ed the mathematical
modell ing.
Most of the ava~lable literature (29, 79, 100. 121) on the
subject. of fl"'e vibrat.ions of beams do not incll.Jde ell of the
above mentionlC':l a.dditional parameters. AlthQl..lgb they indica~e
that it is possible to add thp.se parameters. they do (Jot follow
t.hrough with the calculations. This happened becauBe as soon as
one provide for these &ddi tiona1 factGrs. the aqua"'" ions .; i ffer
from beam to beam and the mathema t. i ("s t ~II,1 t. I ~xp] od~. Whensome
literature does inveST" igate t.bE:sS add it iona 1 factr:.rs they
normally investigat.>.) only tb.~· infjll'_·!W"· on 1"\. !':lmply supported
beam and also only for specific vlhn~t i.'ll mCloPo.. An exeel lent
book on the sub.ie(.:t. <:,,1' vibrRti('il~-; ,.f ~:u('h rTlf:·mb""rs is that. of
t-1ctgrab (100 \ .
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Tho rest of thIS Chftpt,er will be lJsed to derive the analytic8l
model and formulae Ilsed to predict the beh6viour of the column
under investigation. First the simplest case of only 8
cantilever column without provision for shear deformation. the
rotatory inert.ia, an axial load and a concentrated mass at the
top of the ol:llumn will be investigated. This chapter is
concluded with a theory which does provide for all the additional
factors, but this will only be applicable for this specific case
under consideration. althou~h it can be modified to provide for
similar cases.
The theories from the simplest to the complicated theory
eventually used are given because the one follows from the other
and thus the results of the simpler models are used to derive the
more complicated models. The discussion of the simpler models or
theories wi 11 also show why they could not be used for the
investigations described in this dissertation.
5.3 Frs9 vibratious of a cantilever column (without shear
deformation and rotatorY inertia)
In the formuJ at.ion of continuum equations of motion for the
straight non-uniform column shown in Fig. 5.2. the significant
physical properties are assumed to be the flexural stiffness
EI(x) and the mass per unit length m(x). both of which may vary
arbitrarily with position x along the span L. In this case it
will be considered that they are constant along the span L. The
t.ransverse displacement response y(x, t) is assumed to vary
arbitrarily with position and time. The end support conditions,
















Figure 5.2: Forces on column element during free vibreticns.
Inertia foree on column element of length AX is:
( 5. 1 )
Moment equilibrium: (2Q+~Q)~x/2 = ~M





From (5.2) and (5.3):
Where: A - Area-
m ::: Mass per unit lengt.h
Q -- Shear force-
M ::: moment
E ::: Modulus of e last. i 8 i ty
I ::= Inert.ia moment.
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This equation, known as the simple beam equation, is only an
approximation as said previously, because a.mongst other effects
it neglects shear and rotatory inertia.
Assume that the beam displacement y(x,t} can be presented by:
y(x,t)= t y.. = r 0 .. (x)Y.. (t)
a-o :1.-0
(5.5)
In other words, it is assumed that the free vibration motions
consist of a constant shape 0{ x) and the amplitude which is
varying with time according to Y(t). Substitution of Eq. (5.5)
into Eq. (5.4) leads to:
..
0 .. zv (x) Y.. (t) + (m/EI) 0 .. (x) Y.. (t) = 0 (5.6)
Dividing by 0.. (x) Y.. (t) gives the desired separation:
I.
0p V (x) m Y.. (t)
= a.. .. = (5.7)
0 .. (x) E1 Y.. (t)
Equation (5.7) can be written as:
V.. {t) + ~h2 Y .. (t) = 0
(5.8)
(5.9)
where n.. 2 = (at. 4 JU)/m or at 4 = (mn.. 2 ) / ( E I ) (5.10)
Equation (5.9) is the familiar free vibration for an undamped
SDOF system and has the solution:
(5.11)
in which the constants A and B depend on the initial velocity and
displacement conditions.
Equation (5.8) can be solved in the usual way by assuming a




SI.lbf::tit,1.lt.int1, (h.12) in (f'.G) l1,iVF'f~:
and thus: s = ±h, ±ia
Introducing this into (5. ]%) giv~s.
(5.13)
It:xpressing these (:xponential funct,lnns HI tp-rms
tri~onometric and hypp-rholic equivalents, ~ives:
of their
0(x) = AI. sin(F.tx) + A:z (!()s(ax) .f A"3 sinh(ax) + A-. cush(ax)
(5.14)
The four C'onst.nnts Ar. In F.quat, ion (f,. 14) defi ne the !';hape and
Ftrnpl i tude of t.he beam vibratlon. and they ean be evaluated by
considering the houndary ("onditions at the ends of the column
segments. Thr-~ four end conditions may be used to express thret;
of the four constants In t.E'rrns of the fourth and wi 11 also
provide an expression (called the fr~quency equation) from which
the frequency parameter a can bp. eval uated. The fourth constant
cannot be AvaluFtt.ed rlirp'0t.ly in a free vibration ~nalysisJ
bar-Fluse it defines t.he F1rnplitude of mot.ion. wbir.:h depends on the
initial condition.
Thus
y •.- {Allsin(aox) + A:2or'os(aox) + A3.sinh(a.x) + A-,cosb{a..x)}
{A.sin(rI.t) + B.cus({}.t.)} (f'.15)
For rio = 0 tbe displace~_ .t is given from (5.7) by.
(f,. l6)
This rl.isplacement. mode may be Gonsidered 8. vibration wit~b zero
frequenGY. The zero mode wi 11 be des i gnated 00 ( i =-0) and the
higher vibrat.ion modes by (I), (i =-1; 2: 3: 4: .... ). All the modes
i=1;2;~i; ..... are solutions of t.he ~;imple beam equat.ion, thus any




boundary ootId i t i on~
5. "
f<I!' tht:3'
At x = 0:
At x = L:
y = () and yI ;: 0 rtnd tlllJs:
0( 0) = 0




Fi. rst cons ider the :;~ero frequency of the colllmn:
with x - 0 y~ 0 and y~l = 0
wi t.h x = L : Y J I.0 = 0 and YoIl1 - 0 (5.18)
From equation (5.16):
( 5. 1g)
Subs·tituting (t).16) intI) (5.18) gives the fa] lowing value!; for
the A-canst.ants;
AIQ = !'ao = A:s'" = A..o = 0 (5.20)
And thus from (5.19) and (5.20) follows that the zero mode
solution does not apply in this case because the zero mode equals
zero:
00 = 0
Now consld~~ the higher modes, itO.
Substitute the four boundary conditions from equations (5.17a-d)
into the shape function of equation (5.14):
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0(0) :: 0:: A .. sin(O) + t\2CClS(OJ T A~~inh«() T A,.r:osh(O)
"thus ~ -= -A,..
QP(O) = 0 = a{A.. cos(O) - Ibsin(O) + A~cosh(O) + A.sinh(O)}
thus A.. = -A"3
A2cos(aL) + A3sinh(aL) + A.cosh(aL)}
Thus from the last four equat.ions follows:
IS i n ( aL) + S i nb ( aL )
lcos(aL) + cash(aL)
cos (aL) + cosh (a1.)J
sinh(aL) - sin(aL} [:] = [:]






the square matrix vanish.
provides the equation known




1 + c08(aL) cosh(eL) = 0 (5.21)
The f.iolution of this trancedent.ial equation then provides the
values of aL which represent the frequency of vi bration of the
cantilever column.
(5.22)
The values for at. are given in table 5.1.
Table 5. 1 : VRlues of at. for a simple cantilever column
--------
i-1 1::.2 1=3 i=4 i=5
a.. 1. 875 4.694 7.855 10.996 14.137
For i .!. 4 e.. -y (i-lf)lT
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The coefficient A:z can





in terms a f AI. and thus
terms of on ly the fi rst
01. (x) = A1[sin(£:ux) - sinh(aax) + f3{cosh(aax) - cos(a.x}}]
(5.23)
with f3 = {s in (a. L) + sinh (a. L) }/ {cos (a.. L) + cosh (& L) }
(5.24)
By reshuffling the terms and adding the constants to the second
part of equation (5.15) one arrives at the following well ~Jown
shape function of a cantilever beam or column.
01. (x) =
cosh( at. x) - eos( aa x) sinh(a.x) - sin(at.x)
sin(a.L) + sinh(a.L)
( f, . 2f. )
5.4 Forced vibrations of a cantilever column (without shear
deformation and rotatory inertia)
When the column impact problem is analyzed on the basis of column
vibrations, a solution must be found for the equation of the
forced vibration of the column:
(5.26)
This equation is similar to that for free vibrations but allows
additionally for the external force per unit length, p(x,t), on
the column. From equation (5.5) follows that y(x,t) is given _y
(for the non zero modes of the column):
y(x, t) = 1: 0 .. (x) Y. (t)
1.-1
(5.27)
Substituting equation (5.27) into equation (5.26) gives:
r EI 1 Y. (t) = p(X,t)
(5.28)
Multiply equation (5.28) by 0.... (x) /'lnd t.hen integrate over the
Jength of the beam:
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0. (x) 0.-. ( x) dx
~ ~ 0.-. (x) p(x,t) dx
o
(5.29)
When tbe orthogonal i ty relationships existing in the theory of
the free vibrations are applied to the first two terms in
equation (5.29), all the terms of the series expansions vanish





~ ~0.-. (x) p(x,t) dx
o
The motion of the n-th mode can be written as:
y.... (x.t) = 0r-.(x) Ynsin(Ont) (5.31)
Jntroducing this equation into the free vibration equation for
thp. n-th mode and then dividing by Ynsin(Ont), results in:
EI 0,.,IV(X) - m 0.,2 0n(X) = 0
Multiply this equation with 0 .... (x) and integrate over column
length to give the following:
o
r-0,.., (x) dZ 0.-, (x) f(EI ) dx = On2 0.-. Z (x) m dx
dXZ 0 (5.32)
The right hand integral of equation (5.32) is the generalized
mass of the column associated with the mode shape 0.-.(x). When
this mass is denoted by Mn, that is:
~
M, = J 0.-. 2 ( X ) m dx
o
(5.33)
The equation of motion can then be expressed in the abbreviated
form:
M.., y .... ( t.) + nr.:2 M..... Y.... ( t ) - P.... ( t ) (5.34)







is the generalized load 8sf;o.::if1ted with the
Then the Duhamel integral expression gives:
mode RbaplO:
Yn (t) =
1 r Pn ( T) sin {On ( t - T )} d T (5.36i
M,n.. 0
For a horizontal point load on the column which is varying with
time:







XQ = the position of the point load
= 0,4635L = 0,74m (for this particular case)
equations (5.37), (5.36) and (5.33) into equation






JI: P ( T) sin {On ( t- T )} d T
(5.38)
Hhen tr.e displacement function I y( X, t) I is known I the moment at
any position on ~he column, the shear at any position, the mode
kinetic energy of the column, the mode potential energy of the
column and the total mode energy of the column is known. Thus:
Moment: M(x,t) = -EI (o~ y 1/j'}f2 ) (5.39)
Shear: Q(x,t) = -EI (~3Y/bx3 ) (5.40)
Mode kinntic energy: Un (t) = J~ m ( ~y.... lbx)2 dx (5.41)
0
Mode potential energy: v.... (t) (5.42)
Mode total energy:
o
Wh(t) = U.... {t) + VnCt) (5.43)
The evaluation of equation (5.38) might give some problems and
some mathematical manipulations is normally necessary. The value







y{x,t) = I: [
m L .... -1 0.-.
cos~ (8n )













cos2 ( en ) c e c e
with: b = cosh(anx) cos{anx)
c = cosh{ anL) + cos (anL)
d = sinh{ anx) sin(anx)
e = sinh{anL) + sin(anL)
f = cosh ( a,.., Xc:> ) cos( 8nXo)
g ::: sinh{8nXo) - sin(8n:XO)
The calculation of z.... involves numerical difficulties. It is
given, because itinadvisable to use
numerical unstable.
equation (5.46) as
If the frequency equation, (5.21)
is
is
rewritten a C"'·., .
cos(8} = 1/cosh(8)
it can be seen that for large 8, the right hand side is close to
zero, so that the ~olutions are close to odd multiples of Tf/2,
1. 8. : 8.... ::: (n-lf) TT
Hence the solutions of an occurs at values such that cos (e) z 0,
and cos (a.... ) appears as a divisor in eq. (5.46) and thus also in
eq. (5.45). However this equation, eq. (5.45), can be simplified
at the solutions of a.... , thus:
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oos(6) {cosh(6) + cos(6)} ::: cos(6) cosh(6) + 00s2(6)
::: - 1 -+- cos2 ( 6 )
::: - sin2 (6)
Therefore: Zn::: {bf~ - ce(bg + fd) + c2dg}/e2 (5.47)
This expression for Zn avoids division by zero and should rather
be used. The final expression for the displacement of the column




Z.... r[ peT) sin{Q.,(t-'T')} d'T )
.... -1 ~ 0
1 Zrt
Y(X,t)::: r [sin(Q.,t) Itp( T) cos(Q.,T)dT
o
- cos (Q,... t) rp( T) sin (0.-. T) d T ]
o
(5.46)
With a known load function equation (5.48) can easily be
evaluated by numerical integration and summation of all the
applicable modes. This means that the deflection function of the
column is known and thus all the functions previously mentioned
are also known.
Unfortunat.ely this relative simple theory could not be used for
the column under investigation. The first factor that had a
significant influence on the behaviour of the column was the
concentrated mass present at the top of the column. This mass
influenced the frequency of the column remarkably. This means
that this theory could not predict the behaviour of the column
under investigation at all.
I f a col umn wi thout a concentrated mass at the top is to be
investigated, tl-is theory might be appropriate if the column is a
slender column. If the column is not very slender, the shear
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deformation and inertia AS well as the rotatory inertia will
influence the frequency of the column and thus this theory might
not be appropri ate. I f on ly the fi rst mode for such a case is
necessary this theory can be used. because the fi rst mode for a
oolumn (without provision for shear and rotationary inertia) is
very close to a simi 1ar column with provision for shear and
rotationary inertia. The higher the mode the bigger the
percentage change between the frequencies for the above mentioned
columns. Note that these two columns do not have a concentrated
mass at the top. The change in frequencies tor the above
mentioned theories is clearly visible in table 5.2.
From the above it is clear that this particular theory was not
applicable for the column under investigation although it might
be used for other cantilever columns with different
circumstances.
It was however necessary to derive this theory to understand the
next theorie~ and to indicate why this theory could not be used
for the column under invest..igation, and because this theory might
be applicable for other types of cantilever columns.
5.5 Free vi bratiQQs Qf a cantilever column with a concentrated
mass at the top of the (:o) umn (without provision for shear
deformation aruL rotatQry inertia)
The model is exactly the same as before except for a concentrated
mass present at the top of the column. The influence of this
concentrated mass on the column is that it changes the boundary
conditions at the free end of the column. The moment and shear
at the free end no longer vanish because of the inertia of the
mass. The rotational and transverse forces acting on the end
mass, shown in fig. 5.3 lead to the boundary condition equations:






Mo = Mass of the concentrated mass at top of column.
For this theory all the equatiorlS up to and including equation
(5.16) are exactly the same and that section will not be repeated










Figure 5.3: Column with concentrated mass at free end
In the specific case under investigation there was no inertia
moment at the free end of the column due to the concentrated
mass. because there was a hinge coupling between the mass and the
column. In other words no moment could be transferred from the
mass to the column but a shear force could be transferred.
The boundary conditions for a cantilever' column with a
concentrated mass at the free end with a hinge coupling between
the column and the mass are:
At x =- 0:
At x - L:
y = 0 and y1 = 0 and thus:
0{ 0) = 0
0 1 (0) = 0







With: JJ = Moo/rnL
5.16
(5.52)
and n" aB given by equetion (b.10)
Substitute the four boundary conditions from equations (5.51a-d)
into the shape function of equation (5.14):
0(0) = 0 =A~sin(O) + A2cos(O) + A3sinh(O) + A4cosh(O)
thus A2 = -A4
0 1 (0) - 0 = a{A~cos(O) - A2sin(O) + A~cosh(O) + A..sinh(O)}
thus A. = -~
A2cos(aL) + A3sinh(aL) + A4cosh(aL)}
0J:J:1(L) = -- JJa4 L{A.sin(aL) + A2cos(aL) + Assinh(aL) + A.cosh(aL)}
- a3{-A~cos(aL) + A2sin(aL) + A3cosh(aL) + A4sinh(aL)}
{JJaL sin{aL) - cos{aL) - JJaL sinh(aL) - cosh{aL)} A1
+ {lJaL cos(aL) + sin(aL) - JJaL cosh(aL) sinh(aL}} A:z = 0
Let: h = sin{aL) + sinh{aL)
j = cos(aL) + cosh(aL)
k - J.laL sin{aL) cos(aL) JJaL sinh(aL) cosh{aL)
1 - lJaL cos(aL) + sin(aL) - JJaL cosh(aL) - sinh(aL)
Then from t·he four boundary G.~nditions and the four previous
equations follows:
[: ~] [:] [:]
For the coefficients to be non-zero. this equation requires that
the determinant of the square matrix vanish. Setting this
determinant to zero provides thp frequency equation for the
canti lever column with a concentrat.ed mass fit i.:.l-]e free end. The
frequency equation for this specific case is then given by:
h 1 -- kj = 0 (b. 53)
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Accord ing to Magrab ( 100) th is frequenr.y eql..lE1 t i on can be
simplified to:
~aL {tanh(aL) - tan(aL)} + 1 + sec(aL) sech(aL) = 0 (5.54)
(5.53) and (5.52) it is obvi cus that the
is directly dependent on ~, or tne ratio
of the column and the mass of the
From equations (5.54),
frequency of this column
between the total mass
concentrated mass at the free end of the column. Jt'or the colu:an
under investigation the value of ~
(5.54) reduces to equation (5.21).
becomes:
z 1. When Mo = ° equatiJn
When Mo- eli equation (5.54)
tanh(aL) - tan(aL) =° (5.55)
which yields the natural frequency coefficient for a oolumn clamp
at the one end and simply supported at the other end.
With aL = a, the values of e. are given in table 5.2 for
different values of ~.
Table 5.2: Values of 81 for a cantilever column with a
concentrated mass at the free end.
m~ ° . 1 1 10 CD
1 1, 87509 1,72276 1.24790 0,73579 0,00000
2 4,69416 4,39949 4,03129 3.93861 3,92668
3 7,85461 7,45091 7.13424 7,07549 7.69690
4 10,99557 10,52182 10,25699 10,21520 10.21018
5 14.13717 13,61409 13.38790 13,35554 13.35177
6 17,27876 113,71956 16,52258 16,49650 16,49336
7 20,42035 19,83350 19,65977 19,63747 19,63495
8 23,56194 22,95342 22,79791 22,77875 22,77655
Again the coefficient p~ can be expressed in terms of A1 and by
adding the constant A1 to the se80nd part of equation (5.l5) the
shape function'~ the cantilever column can be derived.
0~ (x) ::: sin ( a~ x) sinh(a~x) + B{0osh(a~x) - cos(aAx)}
(5.56)




5.6 Forced vibration of a c8ntilev(-.r column with a eoncentrat,F'd
mass at the free end (wi tbout f;ht'::'l'tr deformation and rotflotnry
inertia taken into account)
This t.heory is very similar to the first theory. Ag&in a
solution must he found for the forced vibration equation of this
column:
Again t.he deflection is given by:
( ~I. f,R)
y(X,t) E 0. (x) Y. ( 1.. )
1-1
(5.59)
Substitutin~ equation (5.b9) into (5.58) gives:
r m 0. ( x) Y. (t) + r
1-1 1-1dx~
d 2 0. (x)
LEI ]y, (t.) =-
dx~
p(x. t)- r~mL0, (x)Y. (t)
• -1
(~J.60)
Mult.iply e4ulltinn (5.RO) by 0,,(x) ::inn thl~n int.,..~p:rate over the
length of tht3 r'ollirnn and then apply the nrthogonalit.y
relationships. This will result.. that all the terms of 1.he series
expansions will vanir;h except t.he n-th terms. resulting in:
d 2 d 2 0,.. ( X)
rEI ] dxy" (t ) f m 0r. ~ ( x) rl x j Yr. ( t ) r- 0n ( X)
o
- f- 0r. ( x) p ( x. t,) d x- jJmL 0r..
<:>
'-' I Y... ( l. !
( 5.61 )
The motion of t,he n-t.h mode can be writ.t.en as:
yr. ( x. t) = 0... ( X ) Y... sin ( n.... t. ) (!:I. 62)
Tntroducing this equation into the frAe vibrat.ion equat.ion for
the n-th mode and then dividing by Y... sinU4-.t). re~31dts in:




r- 0..,( x) d:;: d:o!0.. (x) mr Y.Jn2( x)(EI ) dx - n,.~ [ dx + J,JmL0n 2' ( L i
0 dx:O: d~ 0 (5.64)
The term in the square brackets on the rigbt hand side of
equation (5.64) is the generalized mass of the column and the
concentrated mass associated with the mode shape 0..,(x). When
this mass is denoted by Mn. that is:
M-. = m { f 0,...2 (x}dx
o
+ (5.65)
The equation of motion can then be expressed in the abbreviated
form:
where:
M.-. y.... (t) + n...,:o: Mn Y.... (t) = P..,(t)




P (t) is the generalized load associated with the mode shape





For a horizontal point load on the column which is varying with
time:




Subst i tuti rlg
(fl, 59), the
column with
Xo = the position of the point load
= O.4635L = O.74m (for this particular case)
equations {5. 69), (5.68) and (5.65) into equation
complete displacement funct.ion for a cantilever
a concentrated mass at the free end is known:
y(x,t) = r
0n (x) 0n (xc;» f p ( T) sin {Q.... (t-,.)} d'T
n-~m n....rJ,JL0n 2 (L) + r-~)"",::Z(X)dX J}o
o
(5.70)
When the displacement. function is kl:own. the moment. the shear.
the mode kineti c energy. t.hp. mode p l, tE'nt.l ft 1 energy anrl the t.otal
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mode energy of the column can be calculated from equations (5.39)
to (5.43),
Each parameter of equation (5.70) is quite easy to calculate,
except one of the terms of the denominator which is given by:
o
+ ~ (1 + (3,,2) sinb(26n ) - ~ I3n COS(26n )
+~ 8r. cosb(Ze.,) + «(j.:Z - 1) cas(en ) sinh(en)
-(1~2 + 1) sin(e.... ) cosh(en) - 2(3., sin(en) sinh(e...)}
(5.71)
with: f3 ::: {s in ( e.... ) + sinh ( en )} I {cos ( en) + cosh (en ) }
(5.57)
and: 0.-. (x) ::: sin(8nx) - sinh(8nx) + ~{cosh(8nx) - cos{a.-.x)}
(5.56)
Thus the finl'd expression for the displacement of a canti lever
oolumn with a concentrated mass at the top of the column is given
by the followin~ expression:
0.-. (x) 0.-.(Xo) flo P ( 'T)y(x,t) :: :E sin {Q" ( t- T) } dT
t"'l-1 J 0.-. 2 (x )dx 0{Tn n.-. r~L0..... 2 ( L) ~ ]} (5.'10)
0
wit,h:
r- P ( 'T) sin { Q., ( t - 'T ); d'T - sin ( n.-. t ) f p ( 'T) cos ( Q" T ) d T
o 0
- cos ( Q" t) f P ( T) sin ( Q,... 'T) d T ]
o
(5.72)
Wit,h a known load function. equations (5.70) to (5.72) can easily
be evaluated by numerical inte~rat.ion and summation for all the
applicable modes of the column.
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Once again this theory was not used for the columns under
investigation because it did not allow for the shear deformation
and the rotatory inertia of the column and as previously
mentioned these two factors play quite an imp0rt p nt role in the
behaviour of this column, due to its very lo~ ~nderness. The
shear deformation and rotatory inertia terld to change the
frequency of the column, especially the frequency of the higher
modes of vibration. This means that if one is only interested in
say the first mode of vibration for what ever reason, this theory
wi 11 be more than adequate and the more campi icated theory that
does provide for the additional factors will not be necessary.
DEFLECTIOt~ OF TOP OF COLUMN 4D
DEFLECTION ACCORDING TO THEORY 2
1801601401201008060
DEFLECTION ACCORDING TO THE fiRST MODE ONLY























Figure 5.4: Deflection of the top of a typical column
according to the second theory.
Note that according to this theory Lhe moments and shears in the
column are much more dependent on t.he vibration frequency
coefficient- a, because the fact-or, 8, tlppP.t! rs in t.he numerator of
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the moment function as a second power and in the shear function
as a third power but in the displacement function it does not
appear in the numerator. Th is al so means that the moment and
shear functions will converge more slowly than the displacement
function. This is clearly visible in fig. 5.4. where the first
mode of the deflection of a typioal oolumn is plotted with the
sum of the first ten modes of the same column. (This plot is
according to this second theory and not the final theory.) This
frequency influence on the deflection, moment and shear of the
column also explains why this theory's deflection of the top of
the column is very similar to that of the next theory.
Unfortunately their moment and shear differ so much that this
t;heory does not give an accurate account of the shear and moment
behaviour of the columa under investigation.
In other words if one is only interested in the deflection of the
column, th is theory wi 11 gi ve a very good simulation of the
behaviour of the column, but if one is interested in the moment
Flnd shear behavj()ur this "theory will not be adequate to predict
the response of th~ nolumn.
5.7 Free vibrations of a canti lever column with a concentrated
mass at the top Qf the column, with a constant axial load on the
column and wi th prQvision for shear deformation and rotatorY
inertia.
I~ith this theory provision is made for the axial load on the
column that 1S present", as well as for shear deformation and
rotatory inertia of the column. The boundary conditions for this
column i~ exactly the same as that for the senond theory, but the
shape function for this theory is different.
The effects of the axial ) oad. shear deformation and rotatory
inertia on the free vibrations of fl. column van be evaluated from
the equation of motion. which reads as follows:
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a~y a2 y li;:Y ~~y en a~y .~y
EI- + N- + m-- mre + -(mre- E1 j = 0
ax4 a;x2 bt2 ax'Zc\tZ <xAG c\t~ ax" at:O:
• • •
Rotationary Shear and Shear deformation
rotationary
(5.72)
With: N :::; Axial load on column
m :::; Mass of column per unit length
re - riA:::; Radius of gyration of the cross section
<xA :::; Effective shear area of the section
<x :::; Area reduction factor
~ 5/6 for a rectangular section
G :::; Modulus of shear
E - Strain modulus
I :::; Second moment of area
Assume thet the column displacement y(x,t) can he presented by:
y(X,t):::; E y.
.-0 = E 01 (X) Y. (t)1.-0 ( 5.5)
Or in short: y(x}t) :::; 0(x) Y(t) (5.73)
Substituting equation (5.73) into (5.72):
E1 0 XV (x) Yet} + N 0 II (X} Y(t} + m 0(x) Y(t} - mrz 0 I1 (X) Y(t}
{rn/cxAG}{mr ((}(x) "Y(t> - E1 epl(x) yet)} - 0
(5.74)
to simplify the
It can be ~hown that the contribution
{(m/cxAG)mr2 0(x) -y'(t)} is very small and thL:s
rest of the theory this term will he omitted.
of the term








Substituting Equation (5.77) into equation (5.76):
(5.78)
The solution for eq. (5.78) can be obtained in the standard way
by assuming a solution of:
0( x) = Ce·" (5.79)
Thus (5.80)





This leads to the shape function:
0(x} = Dl sin(8x) + Dz cos(8x) + Db sinh(Ex) + ~ cosh(Ex}
(5.84)
The four constants On define the shape and ampl i tude of the
column vibration and they can be evaluated by considering the
boundary conditions at the ends of the column segments. The four
end conditions may be used to express three of the four constants
i.n t.erms of the fourth and wi 11 also provide an expression (the
frequency equation) from which the frequency parameter, 8, can be
evaluated. The fourth constant cannot be evaluated directly in a
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free vibration analysis, because it:. defines the amplitude of
motion, which depends on the initial condition.
The four boundary conditions for the cantilf3ver column under
investigation are:
At x = 0:
t:c x = L:
y = 0 and y:l = o of,nd thus:
0(0) = 0
0:1(0) - 0-
M = 0 and Q - - Q2 0(L) Me.-











Me = Mass of the concentrated mass at free end
mL = Mass of the column
and a 4 as given by equation (5.10)
Substi tute the four boundary cor.odi tions of equations (5. 85a-d)
into the shape function of equation (5.84):
0(0) = 0 = D~sin(O) + O2cos(O) + D3sinh(O) + D4cosh(O)
0 1 (0) = 0 = OD1COS(O) - o~sin(O) + EDbcosh(O) + ED4sinh(O)
thus: Ib = - (rS IE )D1
01:1 (L) - 0
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thus: {OZsin(6L) + 6Esinh(EL)}Dl + {02cos(6L) + EZcosn(EL)}Da = 0
= -83 D.cos{8L) + ~Dasin(8L) + E~~cosh(EL) + E~o.sinh(EL)
thus:
Let:
h = O--=sin(cSL) + 8Esinh{El,) (5.868)
j = 0--= cos ( 8L ) + E2cosh( EL) (5.86b)
k = IJ a 4 Ls in ( cSL ) - {IJoa 4 L/E}sinh{EL} - ePeos (6L) - cS'E2cosh (EL)
(5.86e)
1 = IJa4 Leos (6L) - IJ a 4 Leosh ( EL) + 8~sin{ 6L) - E~sinh(EL)
(5.86d)
Then from the four boundary eond i tions and the four pr~vious
equatjo~s follows:
[: :] (5.37)
For the coefficients to be non-zero, equation (5.87) req-.;ires
that the determinant of the square matrix vanish. Setting this
determina.nt to zero provides the frequency equation for the
cantilever column under investigat~on. The frequency equation is
then given by:
hl - kj = 0 (5.88)
From equations (5.52), (5.76). (f',.77), (5.82) and (5.83) it is
quite evident that the frequency parameter. 8. is dependent on
nearly all the parameters of a specific column. For example it
is dependent on N, E, 1, oc, G. rand jJ (or in other words of the
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ratio between the concentrated mass and the mass of the column).
This dependency make i.t nearly impossible to derive a universal
formula or theory for the frequency of this type of columns. The
influence of E is relative small if one is working with the
normal type of conorete. The influence of the axial load, N. is







the I value is significant in calculating the
The Army Corps of Engineers (145) reoommended
for the cracking of the concrete, an average
should be used which is based on the following
1Q. = ~ (1 + Ic;r-) (5.89)
where: I~ = average inertia moment of the concrete section
I = moment of the gross concrete section (neglecting
the steel area)
Ier = moment of inertia of the cracked section
Others like Hughes and Speirs (77} used only the inertia moment
of the cracked section because they assume that the concrete




column under investigation had the following
N ::: 100 kN
E - 26 GPa




G = {E/2(1+v)} and E/OIG :: 2(1+v)/0l :: 2.88
r2 = I/A
Mo :: mL and thus ~ :: 1
The values for ar.. and e..... for tb~ given parameters is gi ven in
table 5.3.
'fable 5.3: Values of an and en for a cantilever column with
the above mention parameters
I 10. Ie ..... la- Ic.....
an an en ~
mode n
1 0,780927 0,780955 1,249483 1,2495280
2 2,43791924 2,46054196 3,9006708 3.9368670
3 4,02109979 4, 12943832 6,4337597 6,6071013
4 b,31247798 5,54508441 8,4999668 8,8721351
.') 6.37887359 6,73915856 10,2061978 10,7826537
6 7.28663266 7,76356561 11,6586123 12,4217050
7 8,08291145 8,66268369 12,9326583 13,8602939
8 8.79797841 9,46828977 14,0767655 15,1492636
9 9,45172842 10,20243200 15,1227655 16,3238912
10 ; 10,05743169 10,88043849 16,0918907 17,4087016
The coefficient D2 ean be expressed in terms of D1 and by adding
the constant D1 to the second part of equation (5.15), the shape
function for this cantilev~r column can be derived:
0~ (x) :: sin(8. x) - (8./€. )sinh(E .. x) + a. {cosh(E .. x) - cos(8.. x)}
(5.90)
with:




5.8 Forced vibration of a canti1("~ver r~olulOn with 8 copr,;eptrrat,ed
mass at the top of the column. with an 'axial lQ~d on the column
and with provision for §hear deformation and rotatorY inertia.
A solution must be found for the forced vibration equation for
this column:
~"y ~2y ~2y /j"y m 414 y
EI- + N- + m- mr2 -( EI )
~ ~r lat2 axo:~t2 <xAG bx2~t2
- p{x,t) - JJrnL ( ~:;:y / .tZ )
-
(5.92)
Assume that the displaoement function can be presented by:
y ( x, t) = E 0 .. (x) Y.. (t)
,,-1.
Substitute equation (5,93) into equation (5.92):
(5.93)
..





[EI ]Y.. (t.) + 1: N Yo. (t)
1.-1
..
r mr2 Yet) (1 + E/aG)
.. -1





Multiply equation (5.94) by 0 .. (x) and then
column and then apply
This will result that all the
expansions will VAnish except ~he n-th terms,
integrate over the
the orthogonality
terms of the series
result.ing in:
o o
r- d 2 0r-, ( x ) r- ct;;:a., ( X )
+Y.... (t)J N 0....(x) [ ]dx - Yn(t.)J (l+EiocG)mr;;: 0n(x)[ Jdx
o dXZ 0 dx-'!




The motion of "the n-th Illode can bp. wrlttE~n flS:
Yn ( X , t) - 0.... ( x) 'i" sin ( n.... 1~ )
Introducing this equation intI) tbe fr~~ vibration equation for
the n-tb mode and then dividing by Y,..,sin(n..t). results in:
E I 'T( V (x) -I N Q)X [ ( x) - mQ....~ 0,.., ( x) + mr Q....:2 ( 1+EI ocG) 0.... 1:1 ( x)
- mIJ!.Q....2 0,..,(x) - 0





( ~: j ) dx +
o
f d20,.., (x)0.... (x) N dx
- n.... '" [Tn { J~. 2 ( X ) d x
o
r 2 ( 1+IUOCG)J0n{X)0....[J (x)dx + J.lL0.-. 2 (L)}]
o
(5.9,/)
The ter'Jn in !~qllare bracket,s on the ri~ht hand side of equation
(fj,9?) can br: rF:p,'arded as the generftlized mf.1SS of the column
associ aLen Wl t.h U'lf~ rnnde shapp. 0.... (x).
by Mn, i. P.. :
When this mafJS is denoted
1TI { f.;;··)" ;.' (x )d x
o o
(5.98)
Th,~ equRtiun of Incltion can tllell be pxpressed in the abbreviated
f()rm:
where: 1-',.., ( t) = .r 0.-. ( x) p ( x , t.) d x
t'n(t) is t.he p,ener.qli:::F·rl load i,:;:;rll_'ll','"rl ',ollt.h th,~ mode shape





r' fJ... ( T) f; i n { 0-. ( t - T )} d T
M, n.-. <>
For a horizontal point load on the column which is varying ..... ith
time:
<>
Jt:. Pn ( 'T) d T = 0r, ( Xo) rp ( 'T) d'T
o
( 5. 102)
where: Xo = the position of t.be point load
= O,4635L = O,74m (for this particular case)
Substituting equat.ions (5.102), (5.101) and (5.98) into equabon
(5.93) I gives the complete displacement function of the colunlfl
for tbis t..beory.
with:
- 0" ( ):} 0r-. ( Xo )
E
... -1 <>
rp( 'T) sinfQ..,(t-'T)} d'T (b. 103)
Jtp('T) sin{n.,\t~'T)} d,. - sin(O--.t) r'p(T) cos(Q..,T)dT
o <>




0 ... (x) == sin ( On x) - (8... IE ..... ) s i nb (En X) + h."\'-' {cosh (E... x) - cos (6..... X) }
(5.90)
fJ.... - {O'.... "'sin(O'..... L} + O'.... E.... sinb(E.... L)} I {S..... ~,-:-'os{O' ..... L) + E..... 2cosh(E.,L)}
(5.91 )
JL 0n ( x) 0..... 22(x) d X == - 8 2 1. - «(32 L / 2) (F - E"2) + 13 0' 12
<>
t (SI4)(1-fJ2 )sin(28L)
+ J.:i[ (£~/E )+f~~E j~;jtJh(:,'EJ.\- \1~i6/2)r:osh(2EL)
( ~ . 105)
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r0,.,;o! ( x) dx :::
o
+ (1/48)(a2 -1)sin(26L)
- [20( aZ +l ) / (F+E'2) ]sin( SL)cosh) EL}
+ [2B{(02/E)+E}/{02+E2}lsin(oL)sinh(EL)
(5. 106)
Note that in equations (5.105) and (h.l06) the subscripts. n. has
heen omitted tu sav~ space.
With the displacement fUIJc:tion of the column known. the moment
nnd shear of the column is elsa known:
M(x,t.) - -EI (02 y / O>'=) ::: -E1 r 0,.,1I(X) y.... (t)-
.,-1
and





0 ... 11 (x) ::: -o~sin(ox) - oEsinh(Ex) + 13 {E2cosh{Ex) + O"2cos(ox)}
(5. 109)
(5.110)
With a known load function. r->qu"1t.iorJs (5.103), (5.107) and
(tl.l()lj) can be evaJlwt.ed b.v nUTrJ,:,r]r',d int.pgrat.ion and ~ummaT.ion




This theory was used to describe the behaviour of the test
columns analytically and it was found to be quite accurate. The
measured load function was used with this theory. The
correlation between the theory and the test.!:; wi 11 be disCIJsf.ieC in
a later chapter 6.
5.9 Impact load on column (77)
One of the problems that might be encountered with the previous
theory is that the load function is not known. In such a case
the impact load function must first be determined in some or
other way. In the rest of this chapter a method to find the
impact load function will be reproduced. The method of finding




This method was not followed in this report and thus
be discussed briefly to indicate that it is possible to
for the sake of completeness.
Consider the impact of a striker, of mass ms and initial velocity
Vo, with a uniform cantilever column initially at rest. The
impact occurs at a impact point x = Xo. Suppose the impact zone
obeys a Hertz-type contact law with p(t) = Kq3~2(t). Where p is
the impact load, K is a deformation constant for the impact zone
and q is the deformation of the impact zone. The column
behaviour can be described by the vibration model as discussed in
the previous section.
The deformation of the impact zone IS then given by:
q ( t.) = Ys ( t) - y ( Xo J t) ( 5. 111 )
where Ys and yare the displacement of t.he striker and column at
X ::: Xo. respect.ively.
equation.
Equation. (."J. 111). IS t.he colwnn impact




Ys -= Vot - (5.113)
Q
and Y(Xo,t) as given by equation (5.103)
p 1 f'dt f' p( T)[ __ J:;:/3
-= Vot - dT
K Ills 0 0






summation over modes is
Unfortunately this equation cannot be solved in closed form, but
it may be solved by the use of numerical techniques to give the
impact force history. When the impact force history is known the
third theory, as discussed in the previous section. can be used
to find the displacement function, the column moment and shear.
To derive the solution for equation
are introduced: (1) The inf~nite
replaced by a finite summation.
(2) The integrations with respect to time are
replaced by summations over a. finite number of time intervals.
For the j-th time interval. i.e. for
the linear approximation for the force history is given by:
(5.115)





represent the displacement of the striker.
the crnJrse of the impact. we define:






It can be shown that the following recurrence ::-elation for tbe
displacement of the striker holds for Om, for m = 0.1.2, ...




In equation (5.114) the term
N 0 .... ( x) 0n ( Xo )
E
<.>
f p(T) sin{Q,..(t-T)} dT
represents the beam displacement. At a time t... during the course
of impact. define
So-. • m = f"'P(T) sin { n.... (t_ - T) } dT
0
and
(~ • n-. :;:; ft. ... p ( T) cos {Q,.. (t.... -T)} dT
0
(5.119)
Note that the subscript n, which is required here to distinguish
between vibration modes and which is only used for this purpose,
does not enter into the derivation of the recurrence relations.
It can be shown that the following recurrence relations holds for
Sr. .... andc-'.m. form = 0.1,2, ...
+ {1 - cos ( n.-.l!,t)}p... / n.-. ( fl . 120)
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+ [1 - {COS(n...~t)/n...~t}]{(Pm"'l - p...) / Oro}
+ {sin(OroAt)p..,} / n... (5.121)
Note that Sn.o = C.... o = 0 by definition. The term in equatiorl
(5. 114) which represents the displacement of the coluDln can be
written, using equation (5.120):
N 0n(x} 0n(:xo}
I: Sr........ , (5.122)
at t.ime t"''''l, in which, again, the force history enters only
through terms which can be calculated using recurrence relations.
Equations (5.120) and (5.121) are both required because the
calculation of a sine term Sr•• m-s requires both the previous sine
and ~osine terms &n .... and Cn .....
At a time tm+l the approximation to equation (5.114) contains the
unknnwn P...... l in both sides of the equation and the known force
history (pl' p~,. ,p... ) in terms which can be calculated using
recurrence relations. Because the left hand 5 ide contains the
fractional power, 2/3, the equation has to be solved by an
iterative method. The approximation to equation (5.114) can be
written at time ~+1 :
(5.123)
where:
An. - VQ (m+ 1 ) llt -











- 0"(x) 0h(Xo) sin(Qnat)
t { 1- }
.... -1 M.... Qn Qnat
(5.125)
Note that B does not vary with time. Also. it can be seen that B
is negative. because all the physical constants in it are
positive and the term in braces can be shown to bp. positive;
hence equation (5.123) has a pOfiitive fiolution. which is unique
if An is pasi tive, and it has no sol uti on if A- is negative.
During calculations it wi 11 be found that A- remains positive
unt i 1 the force becomes very Sma 11 nel'ir the end of the impact.
P...... 1 can now be found by using equation (5.1Z3) and using an
iterative method up to the required degree of hc:c:uracy. Thus
starting wi th the known value of p, where rn - O. and cor:tinues




6. CORHELATIQN BETWEEN THEORY AND TEST RESUl.TS.
6.1 Introdyction
The correlation between the theory and the test results dependf
on the accuracy of both. In this section the theory and test.
results will be compared and discrepancies will be discussed.
6.2 The theorY
As discussed in chapter 5, "Theory 3" (paragraphs 5.7 and 5. 8~
will be used to predict the response of the axially loaded
column, subjected to a horizontal impact load. Tbe theory i::
based on "C-he Timoshenko beam theory for the free and forced
vibrations of a beam or co]umn. This theory provides for shea:'
and rotatory inertia.
The accuracy of the theory depends not only on the length of thu
time interval used for the integration but also on the number 01
modes assumed in the solution. Although very high modes might bE
excited the test results indicate that it is not necessary to use
these high modes. Many authors (77) consider the probabi li ty of
the excitation of these high modes to be very low. These high
modes are sometimes associated with very large shear and rotatory
energy. In such a case this theory would be inadequate.
Figure 6.1 shows the deflection history of the top of the column
due to the measured load history. The deflection according to
the first mode and the deflection according to the sum of the
first ten modes are plotted on the same graph. From this graph
it is clear t.hat c. "11y the fi rst mode is important to calculate
the deflection of the column for this specific study. The reason
for this independence of t.he number of mocies l.lsed. is because the
vibration 1requency coefficients. 6 and E. do not appear in the
numerator of the deflection function.
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ThA moment and shear are mOL'e dependent on the number of mcxles
used to calculate their values than the deflection of the column.
Figure 6.2 shows the ben(!~'1g moment at the bottom of the column
accordir1g to the firAt mode and the Sl.m of the first ten modes on
the same graph. From this graph it is clear th~t the number of
modes used. play a very important role. The same can be seen for
the shear a1:- the bottom of tae column in figure 6.3, which shows
the shear according to the first mode and the sum of the first
ten modes on the same graph. The reason for the sensitivity of
the moment and shea.r to the number of modes considered, is that
the frequenuy coefficients, nand E, appear in the numerator of
the mor.'1ellt function as d !Slecond power and in the shear function
us a thi rd power-. This is also the reason why the moment end
shear are more influenced by the shear a.nd rotatory inertia. The
provision for shear and rotatory inertia influences the frequency
coefficients of the higher ~llodF)s and only marginally COMpared to
that of the first mode.
DEFLECTION OF TOP OF COLUMN 3D
DEfLECTION ACCORDINC TO THEORV 3
180160
~-FIRsrMODE ONLYI \ -----==SUM OF FIRST I. MODES
\ I
V--r----.-..----.--~-~-_r----r-__.--.....____,,____rl-,---'-.--=-.-----r-.---,---j
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Figures 6.4 and 6.5 show the sum of the fi rst tWI.) modes and tbe
sum of the first ten modes for th€:: bending moment at tbB bottom
of Column 3E. From these two gr6pbs it is elear that for thi!;
study the sum of the first two modes overestimates the bending
moment at the bottom I,)f the column. while the sum of the fir~J~
ten modes gives a better estimate of the bending moment and the
shear force.
In all the analysis the measured :o6d function were used to
compute the theoretical values used in this chapt~r.
6.2.1 Variables influencing the results of the theory.
As discussed in chap~er 5, the choices of the fcllowing variables
have a significant influence on the resulLs of the theory,
because all of them has a influence on the frAquency parameter,
a:
N - Axial load on tb(~ (·;oJllrnn.
E = The elasticit-y modulus of t.hf> ('nn(~rete
I = Inert. i a moment-. of t-l-H~ !~ •. ,.! 1 II! I
Me. = Mass of concentrated rnF1~;!; u1 free end of column
mL = Mass of column
A = Area o.!' r::oncrete sect.l.'tl
The axial load. N, in all the t.ests was 100 kH except for one
group it was 20 kN. Unfortunately this t.heory does not provide
flJr the Increase In the axial load during the impact, as was
measured during t.he test.s. Because the axial load influence the
frequency parameter it was not. poss i b 1 Po to bu i It 1 n ~ucb ~
provision. The comparisons l)f thF:! t.heoretictd results with the
experimental values, as dis("u~;!>ed in paral!l"P.IJ:·h 13. 4. indicpot~e that
excluding thA varlP.lt.ion i.n axinI load in the ....heoret.ical
prediction. rRsul~s :n R nmissihle errnr
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fo'r'urn oi'Hlp1 ..--r· 4 ,!nf- C'Hn df~rivf' (HI Jrl,·r·'·ll~;'-.j ,>1'1:;1.1"lty U1IJdldUfj. f:.
to bt' us!.."I In l.h .. t.he·'J!':" t".,!(J('rHf:lf;'· til'" '1 I '("I(-/-2('y I'f the th""()I-Y,
inerea s e () f t. he E:- v & 1u e }
t.ests. lS also only Thus
necessary tn use ~n in':rpftf3r·,1 E-vall.le Pf~fH:~cia' ly if ')n.2' is n~)t
I;"ven 100% f;lJrp abOl.lt, the f3 t .at.ic [·vI'11l.lf· of t.hp "onr:r".:tl",
Th.=: c:hnlcp. of the inert.ia rnOffiP-nt. .If t.hf: f;£~ct,i(,n or the second
moment. uf the flrea, 1, is howevr-!' vr::ry ImpfJrtPlnt" Sl.)fn~ huthors
(146) suggest.edt.htlt. an f1vp.r-'1l1.t=~ vtlll.lc (see .~quat,inn f).f:jfJ) should
be used, wh i 1pother I'l.llt.horf; (T/) f;\Jgg~~sted t.lu1L ;:, crar:-ked Vft 1. Uf_·
In t.hf~ r,c,mpArisons of trIP t.henry with the
A)t.bou~b
~t.rlrt...~,1 ,
Alii "J t- !) 00
t.ht=~';F: graph,; wi 1 j nl)t h~ :;hllwn ll,,'r'(', hilt It. '''i'l.f; .... c"nr·!llrJprj th8t
the dV('rF\f,~'" \/F11u(' ((~qIJf1tj(,n b.8!) P.avr-: hr.-t..ter .... ('mparl';nns wit,h
t.hA t,.'~~:t rp~:III!:: (r'(",1'(>f' t " f'.9rFl.f{r."1ph fl . ..j).
Th i ,; was
(~lllilmn . ~; ~IPI' i ftc' t •. :~ t
diffi'''I!t. t" t·:;! .. ,}.] I:,,:h t.h(· ,·ff"·(,t.l,,uc· "(lrl","ntrM~pd mMS~,; bF-"Fl.IlSP It
W::l:"; I" Iflnpc·t ~'d IJ' t.W(. sway rl'J'Hi1('~ (t·(·ff·f· t .... f~f't·t·nd i:-: b f0r the
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'I'hf'! f\ ['f-!E1. A, n f t.hp s ~~(: t. i on WhO ina 1 I I! I" t 1":"::' :. t II" ~; /'jme flflri T hr-
area, recll!c·t,inn rfl ..._~t.r-)r tor S~J08r, 01:, w ....t~·; t',2kt-n ~~. ~I/f} [1:; l~,'; L·(JUUIJ()r.l
practi~e for rectangular se~t.iuns.
6. 3 The tes"t resu 1 tf3
\1] ~be t,est. re~jults are given in ApPfO'ndix h. (Jnf(Jrtunat~l']Y
d""y'l~'ct~i(ln of tbt~ c:olurnn ('ould tlr:d: b.:· rnf'-l'1f;IJred because
fIVet,)F1hle instrument-G. trl rfJ(~h~;llr'" tht) df!flc:·ctj(,n. (")IJId
rf'!Sp()llrl Cjll i ,-'k 1y (',noI14h and thu~; t.hf'i r read 1n~s wnu) -] rjnt




Thf" theuI',·,t.i ecd acc'el(:,r'lltinn~; and :.;1. rf1in~; '-'CJmparr:d I fl~l.~'~~.; 6. ::::;
t.o 6. f,4) wit.h tJI" '~l('r'elerati(lns mpf\surcd fit. the tClp of t.he (·rd'Hfirl
and wit.h the ~;! nlHI m,"flfjUrerJ at. tl,.'(') positiuns (.n thp back sid,... of
thA co lumn n~; we] I ;';~; wi t·h the 1_'rJrnpr~ssiorj fore":; t rarJ~,;fprrt::'d
r.hrou4h th.-: (",d irl~~ of til>::' 1',,1111nrJ t., .. tIp· floor, Th.:- 1·"mI='f~rl:i'.Ir:
(It' the Gompr'l"l';fj]Un fnrc'f~::; !1nvl' Vf':ry rr'f1sr"'Jftbl/? result:;
For details I)f
can be found Iii
j'h," mea~';\lrillP: f;I./It.il·,ns :'Hld t.Il'-'ll" ";'U1('1 pC':;}T Ions
Apt,!·;,.lix H fmd wi II nr)1. lifO disf'llf;:jt'rj hf·r· .. ·.
In thf? f'ornp~ll'I:':,qJf; ,'If 1.1'18 thp(lr,,1 ] ("[:I} >lnd UP:- t(~st rpSl1!t'f:, t.n-:-
t'irf";t. .:,n m,', Ilr' t'hf~' irnpl:1ct [,ha:;'.', 1<' rtl'? irn;",r1t1nt D':1rr.l.r! tch('
rf~sponsp, henl:!':" t h.··~;p Ptlrts of ! hr' !1r<'1'f"n,; ll'·ed 1',.. (·c,rrlJ:··"lr.·d.
LJuT'ir.g t.h,.:· ·irrlj:'i1.,·tc f'hFI:;P th." ian:u~st. rnr'lrI/~nt:.:. ~.'hf"f1r fl,r"'('" :1t1d
~;t.r&i ns (Jf:(;llr
pha~~e somr:~ :';f-~r't.ll.\n fq'''f'c':rt i,·~; rni~:'nl
I'rr,pf":'rt.if:fi I'lnd Lf!ll:; tfll'l'r:- rr'l,'-ht 1'0'
to I'll" () 1'.'1 . ! f t h (. ".' I urn n t' .<1 I l '" Ii Ii,:: : l "
t.h,,· l"'~rFlf'h wr)u)rl hI'-: "t' rJ" Int,'r",:'
t I ,If r' r, 'v i rl (. f II t' t"."l i II It' ' ,1 ( ttl' ' .','
, ., , r' r f> I rt 1. i (, r I t, .. t w" ,. 'I J I! I , • 1 I IT '
hflVI" ":)'11,,'· 'Ii t r "HI t.hp '1~;:;'Jm'.·d
': ! j i~t' . : : f,.., r' .rl ,. ,.:- Wit! 1 t h p
• ; \. , ~ ~ -:. 1 I1 ;"1 T f' t r-~ ,.,~
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flt'f;t :j(j rns lit' L~Jr~ irnpl'1cL ~Ibhfie will bf::' (·(In!,idp.r~d alt.bough th,..::,
tnt.al rnF,af;urin~ period if; fJhuwn fIn the graphn.
A I thnu~h the t.heory was F1pP I i f~d to [111 t~hp. teat
1 imi ted number of graph,; ar,,=, pl·esent.ed in th i s
limi ted space. These graphs wOI.dd howevpr
indicat.e the degree of ('orrelation between the
t.est. resu 1ts .
c'olumns on ly a
c.:hapter due to
be adequate to
t.heoret i en 1 and
Ten modes wen~ ufJed for the t,heoretic":tl analysis. Although 1111
the differen. IlIllnhr~r of modes bploween onr~ and ten had been
t.AS ted. ten rnodf:'r; fo t' the hnrdys i OJ showed tht:: best c:ornparat i ve
r",,~:: III t~; .
6.4. CompreS~Ji (,n f"rcp f..rmlS f~rred th rough foot,j ag
Th~: ht:'[Jdinf1 1IJ1'rn;·[jtf.: :'1nrl f:ht"~~\r forces generftted in the coll,lmn
during an ifJIprwi. "'-'1l1rl Iltlrd1y bf", measl.lred direc·tly. Therefore
lb.' r·nrr·""!ht.;'-'n bet.wpen t.hl.:' p:-:perirnent·.aJ and t.heoreti~Fl1 bendinlt
fII'IIlIPnL and f;h"~lr 1£1 th,; te~.,'t '·o1I.lmn. need t~{) be evaluated
lrldirect.Jy. '1'" :'WIII'>Vf' 11Ii~: it. was d,,·ci.dr:d tl) culc'ulBte the
l'olnf'rpS~3i'Jn (flJ·f·f·:. (~ (fip: 0).6). transf0rr.-.d hy t,hp, footin~ to the
flo,-,r. Thi~: i:: El ,,',',,,d rn('n~_;1Jr(=, of hotl. lh'" ~;j-IP~11-. "J. f,nd moment.
M. f->xerr.Rd hv 1.11,-' r'oLIWJrl Oll th .. ff,nt.ing. Thif; is then compared
o. q? A + M ·t (;, 44Q 1.ti4C = 0
TrJ1J~:- { I). :_<~A (J.44Q)/1.R4 K ( 6. 1 )
~'r,-,m (''!llat.inn (~;. i) i.h'J ,-',~d'-'lllrltf'(1 (''-llrLf':'(''f:;~;l(1l'" forc'e IS known and
Ihi,; ('c'Hl Lh,.-'n hp "('rnF'rH'('d wilh ir." lOPF\!;IU-,·rj ,.·t')mprl~f;si"'rJ force, K.
'.')t! i '.. UtI" ('()rnF'!'('f:~: [I >/1 !'('rc,· \0,/;1 1,'·I·.j r,'I' I./If· "umpBrisons heCf1'.lSe








~N = MEASURED VARIATION IN AXIAL LOAD
M .. CALCULATED FLEXURAL MOMENT
Q '" CALOULATED SHEAR FOROE
o .. OALOULATED VARIATION IN OOMPRESSION FOROE
K .. MEASURED VARIATION IN OOMPRESSION FOROE
T EO MEASURED VARIATION IN TENSION FOROE
Figure 6.6: r·'orces clcting on foo~ing of "column




(,m it t.t'd .
Thi~, can
be (:onT.ri buted to tbp fact". that snmt::' PrJprf1.Y \oI':i~:; ,d", ,!-hp,j I.': t hp
foot.i.ng r:y:.;t.ern, beccn.lse th-=- hn]tr: ff1f;t"nH1L! t.fjl=' f""t in!"" 1:11 t,he
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rnight~ have influenced the f\r;cuntcy of the last few columns it
meant only an error of 7% - B%, which is still acceptable,
The correlation between the calcul~tcd values of the variation in
the compression force and the test results show that the theory
predicts the shear and the bending moment in the column fairly
accurately, The small differ'ences, as discussed in the previo.s
paragraphs, are very small an,l ~hus this theory can be considered
to be acceptabl e for pred i r:t.l·g the ma.xi mum shear forces and
bending moments in the column undAl a horizontal impact loading.
6.4.2 AccelerHtion of top of column
}<'jgures 6.23 to 6. :32 show 8. number of graphs: of the predicted
Clccelerat.ion and the mt:asl..lred acceleration at the top of the
column. To clarit"y the graphs for easier interpretation, the
smoothed curve (data was smoothed with a computer program) of the
measured f1cce 1erato ion 1. s us~d and the theoretIcal results are
hased on t.he fir'st. t,wo modes only. The Lheoretical accelertltion
curve": is the ~~e('und d~rivFlt.ive with respect to time of the
deflentinn At the top of the column.
The simplificAt,inn!':, describpd in t,he previous paragraph, ftre one
of th,"" reason~1 why t~hr~ ffia:-:imum values of the theoretical and
measured acceler.'::t'tionf3 differ as mucb as shown in figures 6.23 to
6.32. What. I.h,· I'-':r8ph~; do show is t.hat. t.he theoretical curve and
th"" mewJured curve fol1uwf; exw::t.ly the same t.rend durip~ the
impflct. phase although their maxim1..lm value~ differ. Figur r '3.27
shows sume excellent. result.:,; for 801umn 2C. Althol,Jgh the 4'irst
peak of this graph differf::d wit.h somet-hing like 100 mig:?, the
rest 0f the graph corresponds favourably. In all the graphs the
thporeticFll and experimentAl ppaks nccur at the same moment.
Bear-inp; In mind tho: ~~lmr>ll ficati'Jris u:;r::d ill the graphs of the
a(,,_,eif:~rF1t.ion::3 it i::3 "}("U' !h.~It: t:.h(~ t.hef.lry IS able to ~ive an
1I,:C'ppt.able prpdir~t"intl (If ttl" l'IC'I·,'l"'r"IT i,-,n >"F>~p(Jnsp of the- column.
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The theory can also predi~t the expeoted time of the peaks of the
acceleration 8urve qlLitp. I1 r _· 0 11T·flt.n)y. Elf: disr':llsHed in t,hl;." pr/~Vl'>II:~
parugraph. Therefore it can be lenne Illdf::d that the proposed
theoretical model is quiLe ar~ceptable defJpite the fact that no
provision is made for the variation in axial load during impact.
6.4.3 Concrete strain of the column
}<'igures 6.33 to 6.46 f.ihow t~he poncretA st,ra i n rneafJl;red 160 mID
from the bottom of the column, on the back f>id(~ (r~ompressi(Jn
side) of a number of columns. with the predicted concrete strain.
Figures 6.47 tlJ 6. ;)4 show lhR conCrf':!te strai n rnear;l..lred 750 mm
from the bot.tom of 1...1'18 ('f) 1LHnrJ. 1)(1 UIC: back s ide of a number of
oolumns. with the calculated 00ncr~tp str~jn.
The concrete strain can be calculated if the bending moment is
known. The bending moment follows from tplC" theorj', as described
Hi chapt.er fl. The stress in t.he t:'oncret.e is T.hen given by:
{j = (My);' I Ui.:n
Where: u - Stress in concrHtE'
M - Bending moment. at. the desired se... t.l'-In
y - Distance frllm f'pnf_r(Jid of section trl d,,:~;ired
F'OS i t- i un
I =. M0mF:'nL cd inerLi~1 of section
Thp strain is then givpn by:
E = eriE :t).3
Where: E = Strain in r'oncret.e
E - ii:lrl,:Licit-y trIf"il11l.lS "f ""n('rptp
The average moment.. ,,f' inert IP, .oj q-I(- s"·ct.ion. I~. was used and
the increased elElst.icit-:,,· Ul'-,d,;l',~;...-( r'rY·,,!='nrldlrlg to the st~rain
rate present., was q;;ed. n·,.-, value Ilspd. was ~he value
Gorresponding wit.h t.h.=· "lVpr:"'t~"''-' Ir"'frIPI:' ·.f lrJf~l't ,'1 .,1' t.hf'· -;pcr ion.
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Differences between the measured ~tr81n and the cal0ulated strain
can be attributed t.o the chosen valu'2!s of I. E and especially y.
These selected values as described in the previous paragraph were
found to yield good results.
From figures 6.33 to 6.46 it is clear that the measured strain
corresponds very well with the predicted values. The average
difference bAtween the maximum values of the measured and
calculated strains are only in the region of 10%. Bearing in
mind the assumpt.ions, described in the previous paragraph, this
figures show that the theory can predict the maximlJm strain in
the column quit.e adequate:y and thus the prediction of the
maximum bending moment is good. ft'igure 5.36 show a graph where
the fai lure of the strain gauge occurred. The strain gauge
normally failed with the failure of the column and thus this
strain gauge gives an indication of the exact time of failure of
the column during th~ impact. Even up to failure the measured
value followed t.he theoret.ical value closely. The strain gauges
measuring range were between -O.002mm/mm up to 4(),002mm/mm. When
this ultimate values were reached a constant value was indicated.
although the strain mi~ht be higher. This cut-off can be seen in
fi~ures 6.43 and 6.46.
}<'igllres 6. 47 to 6.54 show the concrete strain directly behind tht~
impact 7.one. Both the curves of the calculated and measured
values show an immediutc ~tension strain. This tension strain
peak of t.he t.wn curver; is ..... ithin 10~; of each other. During the
impact phas~ (the part of the graph that is of interest for this
:~t\j(ly) bnt.h (If t.he Cl..lrV~S for r.h,::. r:-td cuI ated and measured strain
shnw the ~;ame trend, al "(.hough thpy d i ff::;;r i.n magn i t.ude eftel" the
fir:,; t. peak. These d i fferencef~ can bF:' ,'1ue t.o a ~umber of factors.
~hp important part of this ~pp0jfi~ S~L of ~r~phs i~ however the
fir:";t 'tension reek find t".hp m8~nj111de (,f ~h::)"t" FJ(·ak. This peak is
c J ,,.;.-, J y prF-d i et eel b.v thnt.hn,,!,y \ !~:,.,j :tnd Poven the fr~quency of
t.he bighAr mode pf'ak:: prpspnt lIn ~ Iii' fi ";.1 p""."1k ('nrre~pords very




The simplest method co prove 1.,/,"
the theory deri ved in c:!'VtpLf::c !:,
compare the i:heoret 1na 1 find ti')st
6.7 to 6.54 show such comparisons.
1"~f"1S()lj8bJr~ "(JcTelat-ion b~tween
f'r I the test res'..l1 ts is to
Figures
From these comparisc.ns one can c:onc;lude that tt·,C' theory derived
in chapter 5, predicts the bending moments enc shear forces with
reasonable accuracy (as is clear from 1~he comparisons of the
compression forces and the concrete strai~) at least during the
impact phase, that IS. critical Rtage of the rAsponse.
The correlation between the theory and the test results was not
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7. EXPERIMENTAL INVESTIGATION AND RESULTS,
7.1 Iptrodyction
In this chapter the experimental investigation and resu]ts will
be discussed. As indicated in chapter 1, the experimental
investigation is the most important part of this dissertation.
Therefore a very comprehensive report on the experimental work is
given in Appendix 8. All the results of all the tests are given
in the Appendix in graphical form. The results presented in the
Appendix contain an almost inexhaustible source of information
and thus should be very valuable for further investigations of
different aspects of this problem. The difficulties experienced
with some of the tests and instrumentation are also discussed in
the Appendix. It is the wish of the author that the detailed
















In this nhapter the most important results will b~ discussed ~nd
only a Relection of typical results will be given to illustrate
various aspects.
Appendix B.
F'or more resu 1ts the reader is referred to
The instrlJmentati nn used. 15 also described 1n detai 1 in
Appendix B and thus will not be dealt with in this chapter.
Details of the test columns as well as the test arrangement are
also shown and discussed in the Appendix.
7.2 Experimental investigation
A tot.al of 39 r.anti lever columnl"" were tested under impact and or
static loadings. The test columns were subjected to a horizontal
impact load and or a horizontal static load while it was also
subject.ad to an axial load. Of the 39 tests, the first three
t.~sts were used to evaluate and verify the test system as well as
t,he inslrurnerlt.e.t,ion used. These results indicated where the test
syst.em ftnd instrunJent~ation had to be modified or improved.
of these preliminary results were used in any analysis.
None
The remainin~ 36 r.olumns were divided into Aight groups of
coiumns. With each group the influence of a specific aspect or
parameter on the behaviour of the column was investigated. The
first column of each group was tested statically (with a
horiznnt[:11y Ftpplied lQad), up to failure of the column, to
det.ermine tlv:" st;~T.ic st.rength of the column. The remaining
col qmns 1tl that group were then tested dynamically under an
impaet load. The second column in the group ( the first to be
subjected to an impact load) was subjected to an impact load
which peaked at a value closE' to the static failure load of the
first column. With the thirrl column in each group it was tried
t.u int.roduce an impact. load t,o the column that. was just below or
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in the region of the impact fai lure load of that group of
columns. With the last oolumn of each group it was t.ried to
induce fai lure under the impact load. In some groups more than
four columns were tested. If a column did not fai 1 lmder the
impact load, an increasing horizontal static load wa~ immediately
appl ied to the column to determine the reserve strength of the
column.
~.th the first group the influence of an increase in the
percentage of longitudinal reinforcement was investigated. With
the second group ..he influence of less stirrups, with the same
longitudinal reinforcement as that of group one, was
investigated. The third group was used a.s a reference for all
the other groups. Group three also had less longitudinal
reinforcement and fewer stirrups than that of group one. Group
four was exactly the same as group three but with a larger
stirrup spacing. Group five was exactly the same as group three
but with varying concrete strengths. This group was llsed to
invest igate the repeatabi Ii ty of the tests. Group six was the
same as group three, but with only 1/5 of the axial load of group
three. Thus the sixth group was used to investigate the
influence of t~he axial load on the columns. Groups seven and
eight were used together with group three t.o investigate the
influence of the concrete strength on the columns. The conorete
compressi ve cube strength of group seven was about 10 MPa lower
than that of group three, whi 1e the concrete compressi ve cube
strength of group eight was about 10 MPa higher than that of
group three.
Normally all the parameters were kept constant except~ for the
parameter under investigation. Table 7.1 summarizes and compares








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































* The crack along which th.~ sh~ar ff1.i lurF' of l,h~ c'f)lwn(j fJcc:urrp.d.
(Normally all the nracks fanned out from the rear bottom cor~er
of 'the co lumn.
** Four failure t,ypps of the columns were possible:
Type 1: Flexural failure of the column under the impact test
conditions.
Type 2: Shear fei lure of the column under the impact test
conditions.
Type 3: Flexural failure of the column under thp static tet;t
cond i ti ons,




cri t.er i on 1 C'~,
crit,eria warp IJf,ed for tll': (·()]umn~.




Whe~ a Golumn's deflection incr~ased without any incr~asp in the
horizontally applied load. it was considered as a flexural
failure of th.-=- cohlmn. Obvi(lusly this C'rit.erinn would be very
d"ifficult. tn be applied to an impact test. Th8~efore after t.he
impact, the column was inspected visually and if there was little
recovery of t.he def lect,ion of the column. it was cons idered to
have fai) ed in flexure. The remain ing b/?ari ng capacity. for a
horizontally app1:ied )nad. of the colluon was also determined by




drop in thR meAsur·prl Axial
(IC .'1. flexural fbi lurp.
Thi~; I;; t'(lnt~rary t.n '''haL happRn.=:-d in .:&f;e
In U-J1" lMt,t.er' inst.bn(·(· I-hF: m'.·a8ur"",d axial
ref:lst.etn(;f"'! €~r'wJIJf11 Jy ~lppr(lfll·Il'·.! :'1 ~;llr;t.i"11rl~d rMtxiflJurn dllring both
I.hf· ~;t.<t1.i(· ;'Ind iTIJ[';:II'! t'.pstr3,
7.4 St.at.ir.· 11'<.'::1 n-·sllltfl.
164.
161',. 1tj n lind I ~)7 ) .
ilnc! dxiAI J"II<I.
In( ,,11 f i '" I field wi t.h Some
Th.· t'P~:11 J t.~; of Lhp pt',.,g·t'l1m f'lr t,he s1:.at,j ,". t.""st.~ (If pech grr;lJp of
(~'l~l\jrlln~; ;'tr't" r:'rf>f;f'ni.pc! I'd:rAPhi('ally HI figIJr'('" ~ 2 tu 7.3 end the
(;(JmpAr'IS(lrl:; hF·twf:t'~n thp ff1PAr3Ilrpc! V,,:\J'lf':; ."tI''.1 t,I ..'· prpdi(·t"",d vallJp.s
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The predicted failure loa~~ are compared with the meaaured values
at the start of failure of the columns. Although the ultimate
failure was a little higher, the start of failure of the column
was considered as the acceptable eri terion. The "measured"
moment and shear were derived directly from the measured,
horizontally applied, static load. For the theoretical value 8.
oonstant axial load simi lar the the original axial load appl ied
to the test column was accepted.
Table 7.2: Summary of static test results
Program UMNV Results Measured Results
Col (Predicted failure values) (Measured start of failure)
Group Shear Moment Dominating Shear Moment Dominating
type of type of
(kN) (kNm) failure (kN) (kNm) failure
1 152 113 Flexure 162 120 Flexure
2 131 97 Shear 137 102 Shear
3 94 70 Flexure 97 72 Flexure
4 93 69 F'lexure 96 71 Flexure
6 83 62 Flexure 95 70 Flexure
'7 98 73 Flexl..lre 108 80 Flexure
8 86 64 Flexure 91 67 Flexure
Table '7.2 shows that this t.heory predicts the start. of the
failure of the columns quite accurately. It under estim~tes this
fFl.i.lure value with an average of as li+.tle as 6%.
~.5 Results of impact tests~
7.5.1 ~serve strength of columns.
If a test column did not fail undel' t.he impact load. a subsequent
increasing statil 10ad was immediately applied to the column to
determine its reserve strength. In TH~le 7.3 the static failure
Stellenbosch University http://scholar.sun.ac.za
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load of an undamaged c:olurnn is listed along with the fit.atit::
failure load of a daml:1ged equivalent (~oh.tmn, tbat is. a r,rdumn
which was subjected to an impact load but did not fail.









































































































































The results i.n Table 7.3 show that aIt.hough cracks developed
during the impact. phase. the ul t.imate resistance of the columns
were not sign i fi cant.1 Y Rffect.ed. The average of the pereentage
difference between tJhe undamaged and damaged GO I umns l!> on ly
2.8% If the tw.) highest differences are omitted, the average
percentage rlifference is only 1.85%. Some of the colum~'s
reserve strength was even slightly higher than that of the
undamaged column. This lIIeansthat if a c:olumn was subjected to
an impact lOAd and it did not fail. then the reserve strength of
the colLlmn would be within 2?~ of the original value of an
undamaged co]umn.
Another intereuting aspect is t.hat if t.he 1.,mdamF.H5E'd (,olumn,
tested statically, failed in flexure then the damagE"d column.
I f t.h~ undamaged
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'/. 11
column failed HI sbear then the damaged column tented f;tl1tiG~tlly
a 1so f cd 1ed insh e it r .
wide spectrt:m of parameters. furtht?r tF!st.B wi 11 havf3' to be
undertaken.
These substantial reserve strengths of the columns indicate that
if a column was damaged under impact r.:onditions it need not be
replaced unless the column fai 1ed completely. I f the cracks
could be repaired, with sayan epoxy, the column woyld retain its
ultimate static resistance and should be safe.
7.5.2 Influence of concrete strength
Figure 7.9 shows the maximum impact and static loads plotted
against the concre"t.e strength of the columns. All these columns
were exactly the same except for the concrete strength. From
this graph one can see clearly the influence of the higher
strength concrete.
Three lines are shown on the graph. The bottom line presents the
static flexural failure loads of all thp terL columns. As can be
seen, this line runs through t.he failure values of the undamaged
columns as well as through the values of the damaged columns (the
reserve ~.;t.rength of the impact test columns). The second line
represents the shear capacity of the statically tested columns as
computed wi t.h the llMNV-program. The t,op line is drawn as a best
fitt.ed line t.hrough the ult.imate imp8ct/ shear fai lure loads of
the columns as calculated with the free vibration theory derived
in Chapter 5.









eVElluate the exact. percentage fl.,.xllrEtl
failed 1n flexure. This means thBl ir is not possible to
Htrength increase of the
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Figure 7.9: Influence of concrete strength on strength of dynamic
and statically tested columns.
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Figure 7.10: Increase in strengt.h of statically tested C'olumns
due to increase in concrete strength (from UMNV-program).
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other hand, the increase from the stat i c: shear stl'f.:,!utth of" the
column to the dynamio shear failure of the columns can be
evaluated and from the above graph it is in the reg:wrJ of about
28%.
From the figure follows that the impact flexural strength of fa
column is 90% above the static value. Althougb the column did
not fail in flexure alter that increase, this increase is
constant with the increase of the concrete strength.
Thus the same strength increasA of the dynamic tested 80lymns can
be expected as that of the statically tested columns, due to an
increase in concrete strength. tn other words J the percent.age
increase in strength from the static strength to the impact
strength of a column would be constant for a roncrete of
different compressive strengths. Figure 7.10 shows the strength
increase of the stati cally t.ested columns as comput,ed wi th UMNV
for a static load.
7.5.3 Influence of shear reinforoement.
Figure 7. 11 shows the :i of lueoce of shear reinforcement. on the
static strengths of the columns by means of two M/V ~raphs for
column groups 1 and 2. The columns of the two groups are exactly
the same except for the shear reinforcement. Group 1 columns had
R8 stirrups with a spacing of 100 mm, while group 2 ,~olumns had
R8 stirrups with a spaci Ig of 250 mm. Under stat.ic loading,
group one columns failed 1n flex1"lre while group 1:-WO columns
failed in shear.
Figure 7.12 shows the static M/V graphs for groups 3 and 4
columns. The 001 umns of groups three and four WAre exactly the
same except for the shear reinforcement of the columns. Group
three had R8 stirrups with a 150 mm sparinp,-. while group four had
a spacing of 200 mm for its stirrups. From ~hese twn graphs the
influence of the shear ~einfor~ement is clearly visible.
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M/V GRAPHS FOR COLUMNS 1 AND 2 SERIES
(OIH[R[1H SlltAR RE:ltlfORC01£tu)
3~0 -,......--------------.----------------~
onOUf> 1 IMPAOT r ....llUrlE














Fi~urp. 7.11: Static M/V graphs for column groups 1 and 2.
OROUP"M~
M/V GRAPHS FOR COLUMNS 3 & 4 SERIES





















Figures 7.11 and 7.12 show twu different aspecLs of shear
reinforcement for the columns. With the two groups of columns of
figure 7.12. both groups will fail in flexurF..: under static:
conditions, while with th~ two ~rnups of columns of figure 7.11,
the one group will fail in flexure and the other in shear under
static conditions.
Both figures 7.11 and 7.12 also show the impact failure points of
these groups of columns. Obviously the data are very limited,
!:Jut. from the data available it is clear that if a column fails in
shear under the stat.ic cond i tiorIs. the strength increase under
impact conditions is very limited compared to the strength
increas~ of 8. column that fails in flexure under static
conditions. The failure points shown on these two graphs are the
points calculated with the theory derived in Chapter 5. If only
the maximum impact load is considered and all the dynamic forces
etc. are excluded, the strength increase from static to impact of
group t:wo is nearly zero. This can be seen in foglJres 7. 17 and
7.18. If the impact shear failure (calculated ..... ith the theory
deri ved in Chapt,er 5 with the measured impact load) of these
groups 1 and 2 are compared \.,rith their ultimate st.ut-ic shear
(predicted by the modified compression theory), both these groups
show an increase of scmewhere between 40 and 50%.
Figure 7. 12 shows someUdng very interesting. Al though columns
of group 4 had less shear reinforcement t.han that of group 3.
their flexural strength increase from static to impact conditions
(accord ing to the t.heory derived in Chapter 5) are l.n the same
order ( about. 100%) . On the other hand, the shear strength
increase of grOl!p 3 Was higher th~n that of group 4. The shear
increase of group :3 was about 120% and that of group 4 about
100%. The increase of the shear of group 3 above the ul timate
static shear capacity &(:('ording 1~O the modi fied compression
theory was about 24:7~ and t.hat. of gruup 4 was 2!:.%.




This mennn that h column will fa i 1 In she8r und~r impact
higher tht=m the ultimate r;tatic shear capacity
by tbe M/V graphs. ~'or groups 1 and 2 this value was
between 40 and ~)O5l'~ and for p'roups 3 and 4 it was
between 20 and 30%. More tests are necessary to






Thus to ensure a significant increase in the strength of the
collJmn from st,at,ic: to dynamic, one should ensure t.het adequate
shear reinforcement. is provided to ensure a flexural failure
under static conditions.
7.5.4 Influence of longitudinal r~inforcement.
The influRn(:e of t.hn l(Jn~itlldinal or roain reinforcement. on the
st.atic st.rengths (If thE: columns i::; illustrated hy the M/V ~rephs
(moment-sheftr graphs) for (:olumn groups 1 and ~j in fig":: t?' 7.13.
Group 1 had :3,0i3% longjt.udinaJ reInforcement, while gr',up 3 bad
only 1,;)3%. ()bvi(.ll~f;ly the tlexllral f;Lrengtb of tbe r·olumns is
mol'':: !'"~en!'";it"ive to the perGen"lFta;e of longit.udinftl reinforcement
than the shear strengt.h.
Under i rnpFlct
static casu was for both groups In the region of 100% above the
pred i ctf~d va 1ue Rccord i ng to t.ht:; stat. i I: MiV graph.
both groups fai l,,",d HI shear llnder impact. loading.
Columns of
Hence t.he
flexural f~t.rength inc~~easp might. 8ven I:H:' relat.ively higher than
the inorease in shear strength though ~he latt.er is also for both
rH'oup!'"; HI the region of al00:t flus ab(n:.' the· uriftinal expectt:;d
.If the impact failuiF:' lllads (:-_dlE'cll' !:1nd m,-'rne-nt.) are C'ompared with
t.he ultimat.e ~tat.ir.' lnwis f"r rnElXl!1llllTl :;hf','\l' and maximum flexure,
from the M/V graphs. Fnr both
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For the shear th~ increaseu dlffpr.
the shear from the ultimate st.at,i,-· vU]UfO> to the ffii]lJr"F! va)I.J(: is
44%. Ji'or group 3 the va 1ue is in t,h"" reg i On I) f 25 Lo 30%. This
value 25 to 30% is also visible on figure 7. g ....'here COlUlOfJfi with
the same longitudinal and shear reinforcelOent (including group 3)
is plotted against concrete strength. The diff~rence between the
top two lines on the ~raph i~ ahout 28%. From this it appears as
if an increase in Lmgltudinal reint"clrl:fO;ment tends tu lncrebse
the shear capaci~y.
240 -r----~































Ji'igure 7. l~i: M/V ~raphf': fllr' (',-dumn grC)I~ps 1 and 3.
Thus the longitudinal reinforcf>ment itlfll.l~nl:es the 1fJCreaSf:-> (jf
both the f]pxurft] and ~-:heftr ,'·8pac-it.y ~bllve the lJlt.imat.e stat.ie-
flexure and shear \T:dlJ~s nf t.ht:' M''v' gr~!"..hs An increase in t.hE'
longit~udina] SLF'P] t.pnd~; t,-, :n(·r .....<t;3P til'" perC' ....nt.age increase of
t,he shear abovp th~' tdt.imftl .. ~t;:lt if' ';l' ':1' '-·E1pa,-it.y ,=,f the column
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co 1umn groups :3 and f:l . The~;.=- (" ) IIHn(J;j w,,-,r't:: exact,} y th6 S&[[Jf::-
except for the difference in Bxia} l08rl of the two ~r0ups. Group
~1 had t.he st.nndnrd nxicd load IIf 100 kH ~trld j:{roup 6 had an axial
load of 20 kN. The as
M/V GRAPHS FOR COLUMNS 3 & 6 SERIES
240 - ~-------
r




























.' \,'[If',:: F:'1J j.c.d It I flpxlJre,
C,!l t,Hnn~: wit r t }]I'~ 1(,V/,'! .'1..':,:
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by the M/V graphs.
g rOl..lps as pred i 0ted
other as we 11 .
'I. 19
The ultimate ~bp8r
by thr:: M/V gr'&ph~j
f&il~r~ v81ue of the two
7.5.6 Repeatability of results.
The columns of group five were used to verify the repeatability
of the tests. Column 5A was identical to oolumn 3A. hence, these
column::.; were used 1.-0 verify t.he I'epeatability of the static tt:'st.
The measured defleo ion was nearly exactly the same for the twy
columns, as were the deerea.se and increase in the axial ~oads
during the tests. The loads t.ransferred through the footing to
the floor or thl~ ]f1boratory were also exact.]y the same. T!"le
horizc.mt.al fhiJur(:" 11."111 for coll..llTlrJ 3A was 97 kN and that of
co 1umn .:IA. 'l:n . .~I
Columns 5C and SD were iderllieal and again these two columns were
\.lfJed to prove lhE- repeat.abi 1 i t.y of t.he impact tests. The impact
load hist.ory of ""luran 5C peaked at, a value of 175.6 kN, t.he
maximum c:alculnt.pd hending moment. was 164 kNm and th~ lrlf1ximuRi
cf\lculat.ed ,:hef1r f(lrct=' WAS 188 kN. Tb~ impac:t. loa'~ history of
column 8D pehkpd At n. value l')f 164.6 kN. thfO' maximum ca]cIJla.t.ed
bending momeD~ wa~ 178 kNm and the maximum caicillat.ed shear force






Thf::' maxirnqrn mea::'~IH'f>d f;t-.rain of the two
The forces t.ransferred
(-Jf t-h." c'(llumns were l'i1so wit.hin 7% of fO'8ch








i?:raph~:; ref!,i.st.ered by 8.11 the measuring inst:.ruments fr,} ],)wed th~
samp t.rp.nd.
All t.he I?:r:·t!:)Lf~ frIt:'mt,ioned i.n ihl'" prpvi"'lS tw,', pacC1gr~phs are shown
lrJ Appendix B. All thp::;p ;'''''sl.llt.s indi[-·;y~.· t.hat t.he repeF1t.ability
(If hf.lt.h lohe stat.lc And irn~·f1f'I. t.p:;t!; wO'l'" V.,..Y''/ "'"oor! and tllJt.h type
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7.6 Effects of the impact on the columns.
7.6.1 Moment and Shear.
From the previous discussions it is clear that the strength of a
column is much higher under impact condi tions than under static
conditions. This increased strength is dependent on the
reinforcement. provided (longitudinal and shear reinforcement) as
well as the concrete strength.
All the impact failures of the columns were shear failures. Only
one column failed in flexure. This was one of the preliminary
columns used to test and evaluate the equipmEnt.
Figures 7.16 to 71.29 show the maximum calculated flexural
moments and ;;bear farees (calculated with the theory derived in
Chapter 5), duf': to iwpact loading Otl a oolumn, plotted against
the deflection at, t,he top of the column derived from the measured
accelerations at the top of the oolumn. These values are plotted
together wi th t.he measured st:at ic t,est resul t.s of each group of
col umns. ThE' impact. def I e(:t.l ons were cieri ved from the measured
accelerations by integrating ~he measured acclerations twice with
respect. to time. The dot.ted 1 ine in t.hese figures is a sltggested
force-deflection relationship for the impact situation.
By Gompar i. n~ the ~:ll~~gest,Ad j ml"'act. force-defl f-..!ct. i on curve wi th the
measured statip ~urVR (Figures 7.16 to 7.29), it is quite evident
th<'lt. t,he cohHnn displays 3 signifir..:ant.ly higher strength
(capacity or resistance) under impact loading than under static
1ol.'lding.
The increase irl t.he moment. C,Ct"fJ f\Cl t.y of t.he ,-:c.lumn
1oad in~ (:01..1 ld not. I.I~ eva 1uatpcl b,,·,-:alls<:: a 11 the
already ment.iorled. faiJpd ln shear. No (,,'.lumn
lmder impact
columns, as
fa i I qre under
:impaot. Inflding cflllld b."" c-lassifi .....d ;-l~; a flpxl.1ral fail l lr.=>. because
the mnmp.nL k.",pL i!"JI"[".·fl'3iru{ ·'I~; I.h.' "n]llmrl \ll~·fle(·t.ed. This was
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confirmed by the measured loads transferred t.hrougb the footing
to the laboratory floor as shown in Figures 6.7 to 6.22.
To induce a flexural faihu'e of the column under impact
conditions it seems necessary to generate a flexural moment more
than 100% bi.gger than the ultimate static moment (for maximum
moment) given :..'" the M/V graph for that column. It seems more
1 ikely that. ,'J column wi 11 fai 1. in shear before such a value can
be reached, ~~,~pt for a totally under reinforced member.
Frrm the pt-evious paragraph follows that many more tests have to
be done to investigate the flexural failure of cantilever columns
under impact loading, before any conclusions can be drawn.
The increase in the shear capacity of a column subjected to an
impact load differed remarkably from the moment's increased
capacity. The impact shear failure loads were compared with the
ultimate static shear capacity (for max. shear) as given by the
M/V graphs, rather than with the shear force where the columns
are predicted to fail in flexure under static conditions. This
showed, as discussed earlier, that the shear capaoity increase is
related to the fJhear as well as to the longitudinal reinforcement,
provided. All the columns with 1,53% longitudinal reinforcement
(groups 3 t,o 8, including group 4 with less shear reinforcement)
showed an increase of 20 to 30% in the shear capacity (Figures
7.54 to 7.58). The columns with 3,06% longitudinal reinforcement
(g.'oup 1. and grol...lp 2 with less shear reinforcement) showed an
increase of 40 - 50% (Figures 7.52 tr 7.53).
7.6.2 Axial load on a column.
With the st,atic t.ests the axial loads dropped slight,ly as soon as
the first load step of Ule borizont.al load was applied. This
drop in the axial load cont,inued wit.h f:lrt.her load steps, until
t,he first. crack in the C'cdurnn bE-cam,,:, visible. As soon as the
first, crack became visibl"",, thr? i'txial lr)ad bpgan t.o rise wit.h a
furt.her increaf,;8 of t~h~ hori znn t 11 1 1,)Etd Th i s shuws that, the
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Table 7.4: Axial load's increases (loading beam weigbt of












































































































































































































devel upment of ('rucks Lundn til l'''nf{t,h'''"tl '.he column f:and if tht<:
axial load applic:at.ion SystFJlII C~ftnrlut defl(~r:'L up...,ardf; wit.hollt. an
inorease in the original axial load. the Axial lURd will ~egin to
increase, The rise in the axial lObd will hi.;' directly
proport~ional to the stiffneSf; of the axial load appl ioation
system. During t.be investigation t.he axial 10<:1d beam was
st i ffened (from co 1urnn 3D t.o t.be 1ast 801 urnn I fwd fl~,; ("'1m be Seen
in Table 7.4 the axial load for the Stflt.ic t.ests increased from
that. stage on. For the coluluns tbl)t. were subjected to an impact
load before the static test W3S done, the axial load immediately
started to increase as soun as the f;tati c hori zont.a I load WEiS
applied. This war; dup t.n t.h." fact. t.hat the concrete filrF.:ady had
cracked d1..1ring the i rnpacL. These cracks then simp 1y began to
widen as soon as the slat i c ) "ad was appl i ed.
The axial loads inr'reased f:llb~3t,ant.ially during the ilOpac·t, phases
of the t.ests. The incl'ease:-; r-tmged from as lit.tll3 as 32kN up to
] lOkN, that. is. increa:;es fr, rn 32% t.o 110%. As indieated in the
previ ous paragrhph. theslO-: i tJf' cease,; were d i rpct.ly pre'por't iona 1 t.o
t.he stiffness of t.he axial j, Jld beam. The ttmOlm1J wit.h wbieh the
Hxial I"ad incrf·~a~,ed durinp: ~ he impar·t. is 111::;0 an indi("'atinn of
the crack widt.h with the maXl,[jIJrrJ loads.
Table 7.4 shows the increasf-;~~ In t.he axial Inad for t.he st.at.ic as
well as fnt' the dynamic: im}Jftl··t tests. An lnterest.ing aspect of
t.he:J8 1 (lad inl~reft:;eG dur i n~ t.he dyrlarnic t.ests 15 that. th,.::
increas,,=, for t,ht~: r.:aII.non:J wit.h jower srH~8r rE'inforcementJ was lower
than ~;imilar C'ollunns with hi~~her Shf~&r r.:-inforcfO·ment.. This is
underst;andabl e because t,hese colqmns fa i 1ed at ~ lower shear
fore-F.:' I':tnd thlJS at a lowRr fjexllral Innrnent.. This rpsu1t.ed HI
sumewhnt. ,;rnal1er flF:XUCFJl ",ri,,-.ks and t.hl.ls "1 sma1}.:·r ll'O"rlgt,b""ning
t:endency of th"e· '_'olurnn Plnd t..hll.'·; ::t L, ..... (·r t1Xlhl 1(\11d. ~;"rfJf.:· (If t.he
other columns t.hl'1t. fhi 1,,·d ur,,;,·[- t.h~· lmpf\,·t. '~':JlIdit.ions also showed
a smaller lrJcreflse In t·he :1xiid l,~,'j,d than thplr C01.lnt.~rpart~; In
t.he same group, Thi~, indi(·F1 7 t=• .-{ l:h.'jt tfl!" sheEH' fctillll'f' load was
reached b(~f()r':" t.h~:· lfll:1xirrllHII ''''';II,''n+ '>"1l1,-j (M1J~~'~ 1'he biggt"l- (~raGks
and t.hf:~ C'()rlt:~~;pllrtdiIIP' ;[1"1"-'1':" I!I 'i", ·::-:-.ll ~'H,,j,
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1.7 Comparison of experimental results wiLh Lbp mQdifl~d
compression field theQry.
7.'7.1 Measured extreme combinations of moment (M) and shear (V)
In order to determine the maximum effective shear and moment
generated tit. the batT-om of a. column during an experiment under
impact loading, the inertia forces and moments acting on the
colqmn had t.o be est.imated from the recorded accelerations at 0,6
rn and 1,55 m from the bottom of the column. These inertia
actions could not be d~termined exnctly from only two measuring
points. HowevAr the extreme combinations of moment (M) and shear












Assume y = l:tx'3 + bx2 • 0 X t d
'1,25
(7. 1 )
where: y = Acceleration nf coluwl at any position
a, b. c, d ;;: Constftnts
For x = 0:
Thus
x = Position on column measured from tbe bottom
Y ;;: 0 and dY/dx = 0
y = ax"3 + b>f! = l;:~Y l.lt2
y was measured at x ~ 0.6 and 1,55 and can
therefore be calculated from the measured accelerations at any
given time.
From Figure 7.15:
S' = H - Mo a J
1.b
- my dx =
o
H - (7.2)
and S - S' - AS = H - (I + ~I) (7.3)
Whl;:re: S' ;;: Shear at bottom of footing without provision
for error in inertia force of column
S = Shear at bottom of footing with provision for
error in inertia force
H = Measured impact load
Mo = Concent.rated maDS at top of column
a - Acceleration of mass at top of column
m - Mass of column per unit length
I - Tot.Fd ir:ertia fore.=:: of column
= Erro r 1 rl ca 1cu.l.et"ed shear forc€'
~l - Error in inertia forces
M.:' = 1, 18H + 0.92N -Moa 2,04
""1 'II ~
J my(x + 0.44) dx
<:>
(7.4)




= Moment around z without provision for error
- Measured c:hange in axial lORd on ~olumn
= Height of result~nt lateral inertia force of
c01lHnn.
{l + lJ. -; I i X + [).X i (7. ~, I
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Thus:
AI :: 11M/x
r.tr tn...... = ~'
M." ::. M, ... _
AS = H - 1 - ~M/x
- ~M
- I,J, tJ2N ~. ('. ·J4::>
( 7. 'j i
("1.8)
Where: Ghenr at bnttnm of cDlumn
for Uw f:i rst 1 i III i t.• pint, U. from ,,-'qufttions (7 7) and







The second 1irnit for the ext.reme v~ll.les is: A - 0
AM = lAx
~ .- :-: ::.
( '/. 1() ) .
r,tntf,f':d fo.' '''-11(';1 !lrnp int.erval a~: ~~hll;'Jr) in i-igl'r'fC>S 7.3l'; t,) 7.51.
(lIlly th"" r·f-:'~;I.:Jt.f~ .,f t:hr'" fir,;t t.hrp ...· f.: 1 (JI.:p:; ,)f ("('.I111mrl~~ 3"'? y;bnwn
Th'" huther val'IRS (·.P"'v,:~ in .=-ac:-h figure
tn 7.b? 1'. ,-. frorr: t llF:
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as well as wi th the theoreti cal values ("JtJtoine-d from the l.heory
derived in Ch~1pter 5. Only t·be maximuw valuer; for t-he fir~t and




in Figures 7.52 to 7. fIB show a curve
as a curve for impact loading.





From these graphs it is clear that th~ impact lo&din~ M/V curv~~
under ~stimate the impant s1.rF~nP;th of the c!oLu.r·ns. The values
obtained from the first and second limits c~n also be raasonahly
,;ompared wi th ttlP va 1ues frOIO U'lt'"~ t.heoret i "<'11 [llode I df?ri v(:-d HI
Chapt-er f,. This nnr:e again indj(·ftt,es 1;.hat t,he t.h~()r(:-tical moriel
derived HI Chaptf'l"' 5 gives reftsonFtble values for the shea!" and
morr.ent. generated in t.he C'_'lIHlIn.
From the photograph~; "howrl irl Append ix B (for .~>:ftmplr- Figur("~
8.40) it. i~; 0.lp.8r .rmt, the }(l('fd damage Wf1~'; (Only sllperfil'ial 3[111
only a lit-t.le ::pflLJing oGf:urred. This W;,j,S ~xpe(:t,=,d w1t.h t.r'll!'>
"soft." t.ype of impact, U!~~'d in Uv-, exp..~riment~s (rf·f('r u, Chapt.er ~j
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B. DESIGN AND RECOMMENDATlONS
8. 1 Introduc:L i un.
In this sf':ction a lower- bound ,;cdut.ieJrl \01111 b.::. given for' desi~n
purposes,
resist the maximum impact load as f1 qUft~;i-stf1ti(' loftd.
irnpE1ct. c:onditions are ignured.
It! (It-her
economical so ll.!ti on.
impact. luading.
8,2 Design solution for a column sub,iected t,o fin impact load,
A g'ood
chapt.er 4. An uppF'r bOllnd , f".. ' also pivAn fifter
8.2.1 Modifir'at,ion of mat,erial propert.ies.
The tenFiile ,;t,l'engt.h of conr:rpt.p lmdfC'r impar·t. loadIng is given by
equat. i (In (4. 1 ;. :
ftc..... / ft..mo (~/(rO)(l/(l.. n)
= 1. {'.1
f", ...o St.ati I , t,f~ns i 1e ,,;t renfit.h I l! I I 1!'J,,'r.,..t.p
-
fOo .... Impact. t,f~ns i Ie st.renpt h (J! I- " lfl,'·lf='t.e
-
(J' , Impact. st.rf::·~c;s t'i::tt· p-





Where: t'c:: ... ::: compress i ve cube strenf~th of I.:QnCret8.
The latter equation was used In thp following equations.
The increased concrete r:ompress i ve strengt.h under thl~ i lIIpar:t.
conditions is given by equation (4.2):
fifo ... 1,10 + !:J. 06. lO-31 n (E i
Where: f = Impact compress 1 V(~ strfcmgt.h of c()ncret~
fo - St~a t. i (' c:ompres~.; i ve s"t.rpngth ()f concret.e-
.
E - Strain rate-
The increase in the elast,icit.y modulus. E, is given by equation
(4.3):
E/I~ - 1. 10 + 9.06. Hr 3 In(E)
Where: E = Impact. ell'1s·tir:lty modulus CJf concrete
Eo = Stat.ic: el4sticit.y moriuluG ()f concret.p.
The increased strength of the reinforcing steel IS given by
equat.ion (4.4) (refer also to th·=: t.ensile f;trengt.h t,est.s on the
reinforcement as discussed in Appendix B paragraph B. 10):
a - 499 ~ H.27 In(O.OI) - 470 MPa
a - '156 + 6,(J~i In(O,01) 728 MPa
(For st.i rrups)
(For main reinforcement)
According to the Ii t.erat.ure (Chapt.er 4) the E-modulus for the
reinforcement stays more or less constant under high strain and
stress rates end thus it is not necessary to modify their values.
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The modi fied curnr,r~:ufjion field 1.h",)r.'1 u1" ('Id] irl~; 'Hid Ver'('flU) (:)l"
:31, Hi4. 16h, 16f:i and 167) Wt1~, U~;(:r! I" !J!'-r1111 Itw ref'j'Pnn,5t:" of
the columns under thr:.- lTl1j:Jl:tct. C(HlCli" ;',n,;. Th~ mud i f i I-d lfl?11 P! i ;1 .
propertie,;, as discussed in the pr8vl0u~; ;:;,-,·t.i.-,n (Jt tlJ)~; ':tJ;:1ptl:'r-.
was used inst.ead of the st.at.i': rn~\tf.:'rial pr(I'I'JPrt.ie!;.
spreadsheet. cornputA:,r pre,gram. IIMNV, hv Mf1ri t~: (1 b:1 j. h!'; d i !.:(·ll~;:;f"·i
in Chapter 7, was used for the analys i~; ,'q lC/f" impact. 1I·::I ...ri
columns.
The dynamic I l f~ i rnp8.1· t. MIV (rrt(Jln'.:nt./shear i F1 r f - she, wn
together with t.hA stat.ic graphs, The cal','ulated shear fr:'rr'ps hnd
moments for t.he irr!'f),<tet. t.pst;:;. "t t.he 1:0 1urnn::: whi.·h did lYJt fail
under i rnpact., are 1.1.1:';", :·:h.-,wrl "In t.:.hl:' graph,; a,; we 11 as the she:-l r
forces and rnornent~,; uf trIP I'(}]urnn,; whir'h dld fftil Imder impCl(.'t
c:und 1 t i an Ie, •
t.heory derivprj in \::hF1ptt~I' ~I tlno by u::inf'" tho-': rrWfl~;lj:,(·rj lrnpf1("t. lOCld
!'qrJct. i on,
These fip;ure~; ~~huw Lhrlt Lh.· M/V i.~rF1ph~> !-'t'f"dictr:d in fIll the:· I'~1:':f"~3
f1 lower faillu'p Vfllllf.· t.hnn thf" flI,t.IP'l1 fniJur,e· ,'If thr' ".-,jl;m:-i:;, A~;
mentioned in Chf1r,jJ'r 'I. aJ 1 thfO} "'''lumns which fM: J ..·d '~ndF'r impa(~t.
loading, failed In ~;heE1r.
of all tbt~ (;oJ\ltlln~; t--tl;'tt did !l<)L [:=til IltJder j·IJF1ct. :"Mdill{J: w~re
lower or ju~;t: HI th..,. r('~~i(ln of Up'" ult.imat.e ~3t··OOH' f,)rr.',c-!., :,f t.h!?
M/V graph::::, Tbe shear for,.'p~j "f the ('{,}umn:; that did rFl)
f?:raphs.
Uni'urturwtp 1y the M/Vgraphs prpc! i ,'t (j ,',m i ~.,,[J' f 1ext) rCl 1 r>~ i ill rp~,
i mpac,t,. load i n~ ,
predictions of flpxllrFtl f."1i ]Ilt'f.' wet''''' ',' ....-" '~(·I·,.I-;'-lrf·, ~. ·1 Ii: J J ~~





than the ultimate moment, 8.~; predi,·tpr! by 1~be M/V grnpb:OL were
reached before t,he ultirnat,:" sheFtr faillH'e loads were reached and
thl1s the columns failed In ~;hear.
CDU Id have been higher if th.: u 1t i rnat.e shear was not rpaehed.
Unfortunately t.here is a lack (,1' f::·xflPrirnental data in this rf"!gion
Find Lhu"; no definit.c:~ conclusion can bf-~ mad.;.
The most 1 c'.. however HI()(j 1 f 1~:d
solution for the impct(-t :-;hear fai jure i~; acceptable. bllt for tbi~~
specific cFtse f,)t· mompnt. failure l ·~
."
conservEtt.1vC.
C·.'11(·ll1fd.f~d with t.hf'~ modified (~()rnpref;f;ion field t.heory. Then for
,<1 lower hr)\lrJd solllt.ion ()np ~;~Jrlljld '~n~,;11!·t'· tiH:1t. thf~ lWpttC·t design
lOEtcb STt' low.,'[' t.han U'\t· vi11 Uf'f; prerl i ('1.f:d h:.t UW M/V t1rhph fo!'
For an lipper- hClIjn'o! :-;olution i1 '.·(J]lllon l:arl bf~
as predicted h,v the M/V
graph. In ()t,;-ler wu['d~;, the moment uf :'1.n upper bound so] uti on
might be significf1nt.]y hig'hpr than t.he 111t.imate predir::ted moment.
f,'r U'"lat, f3ec:t.1Cm. but. t.he :-:;he,qr ~_~huuld be low'er thfm t.b.· Illtimt1.te
F'rl·d i cted shear for t.hflt, column. Due TJ. alack ,_,f d at-a on impact
op.nding [allures [nr ,'."mt.ilpver cQIIJrnns.
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8.2.3 Reserve strength of columns.
As indioated and disoussed in Chapter 7, th,:: coll..lmns that were
subject,ed to an -impact, load, and did not fai). showed a static
reserve strength more or less equal to the static strength of the
undamaged columns. This means that if a eolumn was subjected to
an impact load, it might not be necessary to replace the eollJmn
if the column did not fail under the impact load.
8.2.4 Axial load increase.
During the horizont.f11 impact. of a column, the axial load
increases dramatically. This increase, as discussed in Chapter
7, is due t.o the lengthening of the column and the stiffness of
the axial loading syst.em. The stiffness of the axial loading
system plays a very important part in the increase of the axial
load. The stiffer the loading system, the higher the increase 1n
the axial load. For some of the test specimens an jncrease of
100% in the axial load was reg-istered (Table 7.4).
This increase jn the axial load should be kept in mind. not only
with the design of the column but also with the design of the
loading system. In ot.her words if the axial load 1S supplied by
say a bridge deck, the increase in the axial load will introduce
an addit.ional react.ion lOl'1d on the bridge deck itself. Thus
provisions in th'3 design of the bridge deck should be made for
th is increase in the ftxi 81 load. The ~ti ffer the bridge deck,
~he higher the addi~inna] rR8ction force on the bridge deck.
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8,3 Desisn stepB for a cantilever column subjected to 8
horizontally RPplied impact load.
8.3.1 Impact design.
The following steps is recommended for the desisn of a cantilever
column subjected to a horizontally applied impact load:
1. Establish the impact load history. Use the method as
described in Chapter 5 or use functions as described in some
of the literature for example (146). A report by Struck and
Voggenreiter (155) discusses in detail the range of possible
loadings and gives examples, taken from the literature, of
possible magnitudes and durations. A measured impact load
function can also be used (as in this study) if available.
2. Choose a column and reinforcement.
3. Find the maximum shear force and bending moment by using the
theory derived and discussed in Chapter 5.
4. Modify the material propertieD as discussed in Chapter 4 and
Chapter 7.
f,. Use the modified compression field theory of Collins Mld
Vecchio (30, :31, 164, 165, 166 and 167) to find the M/V
graph for the specific column. Use the modified material
properties. This M/V graph is a lower bound solution for
the problem. A "upper bound" solution can be found as shown
1.n Figure 8.8.
6. If the M/V graph indicate that the column wi 11
impact conditions, choose anot.her ('olumn ~~ection
the reinforcement. of the column. Then repeat.






'/ . After finding the desired (~(j 1umn . ensure tha.t the bridge
deck or loading system can withstand t~jf:: anti c ipat.ed
increase in the axial load.
This is a very lengthy procedure but it will provide a relative
economical solution.
8.3.2 Static solutiop.
An uneconomical but a safe solution would be to find the maximum
impact loan ant,icipat,ed and then to continue and design the
column as if this load is a quasi-static load. In such a
situation the material properties are not modified at all anrl the
quasi-static material properties are Ilsed. The M/V graphs arE-
then calculated as usual and they then represents a lower bound
solution for this problem.
fl'igures 8.9 to 8.15 shows the quasi-static: M/V ,·llr·V'.'~_: wi th the
impact M/V curve~; for all the columns. On t.hese graphs the
applied maximum shears and moments for the different, tests are
also shown. These values were calculated at the bottom of the
column, directly from the maximum measur~d impact load Qp~lied to
the column and they were not calculated with the dynamic analysis
of the column as desor i bed in Chapter 5. In ot,her words the
maximum j mpact 1aad was measured and then it was used as if it
was a quasi-static load ac:ting on the column.
From these graphs it is clear that the impact strength of the
co1umns are under estimated by t.his t.ype of stat.ic solution. The




The most, importPid precaution one should "Ltike ..... ith the nesign of
a column subjeocp.ct to a hod zontally appl ied impaet load is to
ensure that the co lumn is safe under shear. The s~ ear strength
increase of such a column is very much lower than that of th~
flexural strength. Thus if a column will fail in shear
statically, the impaot strength increase of such a column will be
Very low, If th~ column wi 11 fai I in flexure under static
oonditions, the strength increase of the column will be much
higher, In such a case the strength increase of the column might
even be as high as 100%, depending on the ultimate shear strength
of the column. Th1s phenomena is clearly illustrated in figure
8.8 by the suggested upper bound solution.
Thus to ensure safety of a cantilever column under impact
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9. EECOMMENDATIONS FOR FUTURE RESEAHCH AND CONCLUSIONS.
This rer,earch project can be used as a foundation for furt.her
research of a reinforced concrete (,anti 1ever col urnn subjected to
a lateral impact load. From the experimental investigations and
the the0retical studies, a number of recommendations for futurf~
research 2nd studies can be made.
It is recommended that the following aspects of the problem of a
column subjectei to a lateral impa~t load should be researched in
the future:
1. Material properties of the reinforced concrete column. Very
little research has been done on the response of concrete to
multi-axial impact loading.
2. A more extensive research program should be undertaken. The
impact flexural failure, especially, should be investigated.
An accurate deflection measuring system, for the column
under impact conditions, will facilitate this investigation.
An extensive series of tests to investigate the influence of
each variable will also help to understand tha column impact
prabl em bet. tel' .
A more si.mple design method for a column \.lnder lateral
impact, loadings f~hou Id also be investigated. Even if this
means a design method based on empirical values from an
extensive research program. This will make the whole
problem more accessible to the practising engineer. Special
attent.ion should be given to predict the failure load and
mechanism accurately.
4. A good finite elements computer program to predict, the
response of such a column more aecurat.ely f.:hould also be
invest.igat.ed. Special attention ~hauld be given to the
material model for t.he concrf",tr' unc1pr impact condit.ions.
Stellenbosch University http://scholar.sun.ac.za
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5. A more refined analytical rnodel might- bt3 inv~st,ig8tt:'d. The
modified compresfdon field theory might. be inl..:orpOrl1t0d in
the analytical model derived in Chapter 5. By incurporating
this theory 8 time step analysis can be don~. where in each
time step the crack widths can be calculated with the
modified compression field theory, With a known crack
width, the increase in the axial load can be calculated as
well as a new inertia moment for the sect,ion. Then a new
mode frequency can be calculated. These new parameters can
thep be used for thp nAX~ ~imA step. This should to be done
for each mode and for 8 number of cross sections. By using
this method the increase in the axial load during impact can
also be predict,ed. As can be seen. this wi 11 be a very
lengthy process and the rAsults might not be that much
bet,ter t,hFtn t.he relative simple method derived In Chapter 5.
6. The inertia forces acting on the column should be determined
more accurately during the experimental investigation. This
wi 11 faci 1 i t.at.e the determination of the actual moments and
shears generated in the column.
'/. If the same experimental arrangement.s are used for future
research, th'3 axial loading system should b~ changed to a
system where the axial load is not attached to the co] umn
but more like the situation in a rea] bridge.
8. The influence of a higher ftxial load should also be
investigated,
9. A column with an axial load but wi t.hout. the conce:1trated
mass at. the t,op of the column, should also be investigated.
In such a. r:ase the axial load can be applied to the column
by means (If an unbonded prF!st.ressed t.endon.
the axial load can easi ly be measurerl
In such a ca..;·~
hal oad ce 11 .
This will also ~;imp]ify the t.heoret,il-:aJ analysis of the
column as discussed in Chaptpr 5




11. Columnf:j hingud at Lh.~ top i'ttld flX(·d Ftt~ th.C' bOltt unl f:hIJl ..dd
also be investigated.
12. Tbe experiment.ttl results giv('rl JrJ Ap!IPnrjix B ar,~ very
ext.ens i ve and thus Gan be IJsed for' fllrth,,-:r i r" V(~f>t igat ionfj (Jf
i,:Je different aspects,
As stated earlier one of the most important parts of this
dissertation is Appendix B, This Appendix give~; a complete ;'jnd
detailed report of the experimental work done in the laboratory
and should facilitate future research.
Unfortunately too lit.tlp test d3.Ui are aVfdlable tf) dr~''''' any
final concl us i onf3 on mnst, of the (tf;pects j tlVeBt i g8t F.:d. A
relst.i.ve f.;imple, economical and safe def;igll prOCt·r!urp WFt~:: ~l(l''''ever
present.ect. Th if': d~~~; ir:r: procedur(' can bp used by thp C"pneral
practising enginf:e:r wit.h(lut any knowledge of large ('ornput.er
programs. The prncedl.Jrr~ would. hrJWev,=·r. f3t.ill h8 rWlre refined
l'""nding fur'h""(' r·t·~:t-;·:r 'il r~'<:lt]tf;
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APPENDIX B: EXPERIMENTAL INVESTIGATION
Forty cantilever columns were tested. Of thenp forty tests, ten
columns were loaded statically to ftti lure by incr~tts ing the
horizontal load, whi~e the other thirt.y columns were subj£~cted to
an impact load. If failure did not occur during the impact an
increasing static load was applied until failure occ:urred.
B. 1 Test arrangement
The arrangement used for the impact tests on 1.he co I UUlIIS is shown
in figures (B.1), (B.2), (B.3) and (B.4). The irnpttr~tor or
striker was a. pendulum type of striker suspended frl)m a frame
which was oantilevered from two upper floors of the jl1ol ,rat.ory
The lmpactor or striker was hoisted into the required position by
a cable which ran through a system of pulleys and 1.hen pulled by
a ten ton overhead crane. '::'he striker was r'eleased by &
specially designed release mechanism to ensure t.hat the striker
swung as smoothly as pass i b Ie. The st.r i Jer WflS f 1 t.ted with a
specially designed load plat,e t,o measlJred the impact, lood hist.ory
(See figures B.10 and B. 13). A buffer f'onsisting of a
configuration of pipes was prOVided to simulate the typical
crumpling action of a vehicle have when it would crash head ':-0
into a relatively rigid barrier.
The cant.i lever column was clamped into a st~el frame a,·ting as a
footing, whioh was designed to be very rigid to minimize
deformation of the footing during the impaot and thu; to ensure
measurements as accurat.e as possihle. The colum!. was also
prevented to rotate inside the steel footing and prevented tr ~~
forced tbruueh the steel footing by the axial load on tc..,p of tbe
column. The steel footing was fixed to t.he floor in such a way
that the tension and compression fc'rcps under the foot.ing could
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Figl.lc"" B.3: The; arrangement seen from tbe striker's side.
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Figure B.9: Side and bottom elevation of cantilevered frame.
With this maximum load the deflection of the furthest cantilever
point had to be a minimum and the structure had to be stable
enough to ensure a !';mooth run by the impactor or stri ker, In
other words, the structure was des igned to wi thstand vi brat ions
and excessive deflections when the striker was released. This
three dimensional structure was fixed to the top balcony by 8 H20
bolts and to the first floor by 8 M16 bolts.
Although the construction and installation of this structure was
difficult, it, was very stable during the tests and thus ensured
smooth runs by the striker.
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B. 2. 2 St.l'iker or I mp40t()r
The l'lt,riker (figure B.10) consistf.:!d l)f a t:PH11r- 1 ikf~ f;trul~VH'e
fitted with a buffer system, a load plat.c and a relfH1se
mechanism. The cradle was designed to carry the striker man~ in
the form of lead slabs. The mass of tbF.l striker could be changed
by changing t.he number of lead slabs in -Lhe cradle. The mass of
each lead slabs was exactly 100 kg. The mass of the cradle only,
plus the load plate and buffer system was 450 kg. The total mass
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Figure B. 10: The striker system. (schematic representation)
The design of the load plate, measuring the load history during
the impact, will be discussed under instrumentation.
B.2.2.1 The buffer sYstem.
An eight pipe buffer syst.em was used fur ..11 Lhe t.f~st.s except for
the first t.hree tests when a seven pipf: syst.em was used. This
buffer system was used to create thp dp~irpd impact load history.
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'I'hiro; bufffH' ElIsa Girnulatef~ the enf:r-gy abf;orpt,ion napabilitief:> of
tbr-} veh i c] e.
Reference (146) discusses this impact lowi bisLory for vehicles.
As can be expected, the crushing strength of the vehicle has a
significant influence on the resulting impact force on the
column. Reference (146) indicates a duration time for tbe impact
of somewhere between 40ms to lOOms. This values correspond very
well with the test results of this investigation where the
duration time was 50 to 60ms. Reference (146) also mentions that
the automobile impact problem is very similar to that of an
ai rcraf-t and that the same tbeoretical formulation (Riera
150 - ~. - . ----- -~---.--------
formula) can be used for t,~~.
The design of tbe buffer section is discussed in detail in
Appendix C. In figure B.11 the permanent deformation or
deflecti on of the buffer system is plotted against the maximum
measured impact, load. This graph can be used to find the K-
factor of the Hertz contact law as referred to in Chapter 5.
DEFORMATION OF 8 PIPE BUFFER SYSTEM
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Figure B. 11: Permanent deform~tion of buffer system.
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8.2.2.2 The release mechanism
The release mechanism was designed to release the striker without
dis~urbing its motion and thus improving the control of its
movement. A number of mechanisms were considered. Even a nylon
rope to be cut through were considered. The main characteristic
of this release mechanism was to ensure a sudden release without
disturbing the flow of the striker movement. The mechanism used
was a lever system with a sliding release which was pulled out to
release the striker.
B.2.2.3 Hoisting system of striker
The striker was hoisted into position by a cable running over two
pulleys and then f1xed ~o an overhead crane. The falling height
of the striker could be changed by changing the height of one of
the pulleys. With this series of tests the falling height was
kept constant at a height of 2,7m and thus the impact velo0ity
was more or less constant as well.
B.2.3 Axial load system
An axial load was introduced to the column through a loading beam
(shown in figures B.l B.3) connected to two sway frames.
Between the loading beam and each sway frame was a chain and a
HBM U2 20 ton load cell. The chain was to ensure that no moment
could be transferred from the sway frames to the load beam and
vice versa. The load cells was used to monitor the axial load on
the column before, during and. aft~er the impact. By means of a
Enerpac RCH-202T jack fixed to each sway frame, an axial load
could be j .troduced to the co 1urnn t.hrough the connection between
the sway frame and the loading beam
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Botween thn loading beam and the column a hinge was provided to
prevent a moment transfer from the loading beam to the column. A
shear fo.~ce could be t;ransferred from the beam to the column.
otherwise tbe loading beam wOl!ld have fallen from the column
during the impact due to its inertia.
B.2.4 Steel footing.
The steel footing is shown in figure B.12 as well as in figures
B.l - B.3. The footing was designed to be very rigid to prevent
distortion and thus increasing the accuracy of the forces
measured under the footing. In other words, very little energy
was dissipated by distortion of the footing and most of the
energy was transferred to the laboratory floor. Th is energy
transfer was then registered by means of the load cells under the
footing.
The steel footing was stressed to the floor by four Dywidag
bolt,s. which passed t.hrough the four load cells under the
footing. On the compression side, the two load cells were above
the laboratory floor (between the floor and the footing). On the
tensiou side the two load cells were under the floor and the
tension transferred to the floor was meas'.. red as a compression
load by those two load cells. Additionally. provision was made
to prevent sliding of the footing on the floor. Unfortunately
this sl iding force, or shear force, tra,',sferred to the floor
could not be measured in thi~ set-up.
The column was prevented to rotate ins ide Lie footing i tsel f by
four hr,'1 zontal reinforcing bars casted into the column and
extending from the column into the steel ~ooting on both sides of
the column. An additional steel channel profile was positioned
over the footing of the reinforced concre~e column and bolted to
the steel footing. After the column wa~ positioned inside the
footing, the remaining openings between the reinforced concrete
column foot.lng and the steel fooT.jng was filll?d up by pumping a
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Figure B.12: Steel footing of reinforced concrete column.
B.2.5 Strutframe for static test.
This strutframe was designed to apply a static horizontal load to
the column for the static test phase of the column. The
strutframe was designed to develop minimum rotations and
deflections during the test in order to keep a constant
horizontal load on the column for each applied load step. For
the design, the prop system was analyzed by the computer program
STRUDL.
A Enerpac RCH-606 jack was fixed to the strutframe through which
the horizontal load was applied to the column. Between the jack
and the column a HBM C2 load cell was inserted to monitor the
horizontal load applied to the column.
The strutframe was fixed to the laboratory floor with four




The following phenomena and variables were monitored during the
dynamic impact phase of a test on a column:
1. The impact load history was monitored wito a L500 Load
Plate (figure B. 13) fixed to the striker behind the buffer
of the striker.
2. The deceleration of the striker Was monitored with a HBM
B12/500 accelerometer.
3. The impact velocity of thp striker was measured with a
specially designed instrument and a Hewlett-Packard Model
5315A universal counter (refer to paragraph B.3.3).
4. The axial load on the column was regidtered by two HBM U2
20 ton load cells fixed between the load beam and the two
sway frames.
5. The acceleration of the column at two separate positions.
Position 1 was 600 mm and position 2, 1550 mm from the
bottom of the column. Both accelerometers were HBM B12/2000
accelerometers ~lthough for the first few columns one of the
accelerometers was a Kyowa product.
6. The strain on the back side of the column was measured at
two positions as well. Two Kyowa (type KC-120-A1-11)
concrete strain gauges of length 120mm were used. Position
1 was 690 - 810 mm and position 2, 100 - 220 mm from the
bottom of the column. In other words, position 1 was
directly behind the impact zone of the striker anQ position
2 was as close to the bottom of the column as possible but
still high enough to ensure that this strain gauge was not
damaged during the early stages of the impact.
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7. The compression and tens ion loads transferred from the
footing to the floor wer measured with four L400 Load cells.
Two of the load cells monit.ored the compression load
transferred to the footing, whi Ie the other two load cells
monitored the tension loads transferred 1:-0 the floor. The
load cells were situated 920mm from the center of the column
in the direction of impact.
During the static test of a column the axial load, the foot load
cells and the strain gauges were monitored as during the impact
test. Additionally the following variables were monitored as
well:
1. The deflection of the column at two positions with two
HBM WlOO LVDT's. Position 1 was 600 mm and position 2,
1550 mm from the bottom of the column.
2. The horizontal static load was measured with a HBM C2 50
ton load cell. This load was applied horizontellY to the
column 740mm from the bottom of the column.
B.3.1 The L500 load plate
The L500 load plate was specially designed and then calibrated to
measure and monitor the impact. load hist,ory. The load plate is
shown In figure B. 13. On the back of the steel plate four
120 ohm 5mm strain gauges were fixed to the steel plate in a full
bridge set,t,ing. The bolts fastening the load plat,e to the
striker were torqued to a specified 5fp (Imperial units) torque.
This was to ensure that the rigidity of the two supports was the
same as that during the calihration of the load plate. The load
plate was Gt,mm thick to keep the maximum 5tress well below the
yield stress of the steel to ensure continuous accurate









Figure B.13: The L500 load plate
The strain gauges 0:1 tl--}e back of the load plate measured the
strain in the steel in two directions and these readings were
converted to the actual applied load by means of a formula built
into the computer program which monitored all the readings during
the impaot test. The load plate was calibrated through a HBM C2
50 ton load cell to a maximum of 500kN. A fourth order equation
(equation B.l) was used to describe the curve. Figure B.14 shows
the curve fitted to the measured data points.
y = 0,35134x + 7,6547. 10-~x2 - 5,3508. 10-7x3 + 1,25782. 10-~o~
(B. 1)
After the calibration was done, a dynamic test was performed on
the load plate to establ ish the accuracy of the load plate
readings compared to the readings of a HBM C2 load cell. The
results of this dynamic test is given in figure B. 15. As can be
seen the resu 1ts are acceptable. The graph shows that the C2
load cell reached a maximum of 500 kN and then it stayed constant
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Figure B.15: Dynamic test of L500 load plate compared with a
HBM C2 Load cell.
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8.3.2 ~ footing load cells
The L400 compression load call was specially designed to measure
the forces transferred from the footing to the laboratory floor.
On the compression side of the footing, the load cells were
placed between the footing and the floor, while on the tension
side the load cells were placed below the floor (see figure
B.12). The maximum design load for these load cells was 400 kN
to prevent excessive distortion and flow of the steel and thus to
ensure constant accurate readings during the tests. To allow for
possible tension forces to be measured by the load cells (which
wight occur during the vibration of the column during the dyna.ic
t€S~~), each load cell was pre-compressed. by means of the
Dywidag bolts, to 50 kN. By the pre-compression a tension load
will be measured by a release in the pre-compression and will be
registered by the computer as a negative or tension load.
The L400 load cell consisted of a solid steel cylinder with a
hole in the middle to allow for the Dywidag bolts passing through
them. On the outside of this steel cylinder four 120 ohm 5mm
strain gauges were fixed in a full bridge setting. These strain
gauges measured the strains exerted on the cylinder and were then
converted to the actual load by formulae in the computer program
used to measure and moniter the loads.
Once again the L400 load cells ( numbered as numbers 2, 3, 5 and
6) were calibrated a.gainst a HBM C2 load. cell. AgAin a forth
order equation was fi t.t.ed to the data points to be programmed
into the computer. Al though each of Jhe four load cells had a
different equation, it was decided to use only one of them for
all four L400 load cells. After the calibration and the
programming of the computer with the curve fitting formula. the
load cells were tested dynamically. The test results of the four
L400 load cells is shown in figures B.16 to B.19. From these
four graphs it is clear that. the results were acceptable up to
400 kN which was ~he l!l~imate design value for these load cells.
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Figure B.16: Test results of load cell L400 No.2.





























TEST OF LOAD CELL
Figure B.17: Test results of load cell L400 No.3.
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TEST OF LOAD CELL L400 NO. 6
Figure B.18: Test results of load cell L400 No.6.
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TEST OF LOAD CELL L4QQ NO.5
Figure B.19: Test results of load cell L400 No.5.
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B.3.3 velocity measuring instrument
This velocity measuring instrument was also specially designed
and built to measure the velocity of the striker just before
impact, that is, the impac't velooity. This instrument consisted
of two sets of small photocells at a fixed distance from each
other and a Hewlett-Packard universal counter. The two sets of
photocells were exactly 100 rom from each other. When the striker
passed the first set of photocells, the universal counter was
triggered and when the striker passed the second set of
photocells the count~er was stopped. '~he universal counter then
gave the time elapsed from the tr~_gger of the system unti lit
stopped. Dividing the distance (100 mm) by the elapsed time gave
the velocity Qf the striker.
B.3.4 The concrete strain gauges
Two concrete strain gauges, Kyowa type no. KC-120-Al-ll, of 120
mm length were used on each column. Both strain gauges were
fixed to the back of the column to measure mainly the antioipated
comp~ession strains of the concrete. Concrete strain gauges are
not effecti ve in zones where t.ension :~train is observed because
the concrete cracks which normally reo 1.1 • ts in the destruction of
the strain gauge. Fur this reason, all the strain gauges were
used on the back of the column. The first strain gauge was
positioned directly behind the impact zone on the column in other
words 690 - 810 mm from the bottom of the column. The second
strain gauge was position as close to the bottom as possible but
still high enough not to be damaged by the local cracking that
was ant.icipated at the connection between the footing of the
column and the column itself. This strain gauge was positioned
100 - 220 mm from the bottom of the column.
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B.3.5 The axial load cells
Two HBM U2 20 ton load ce 11 s were used to metts!.! re ttnd mOft i tor the
axial load on t.he column. 1'hese load cells did not only register
the ini tially appl ied load but also registered the variation of
the axial load during the impact. test. The summation of the
registered values of the two load cells gave the total axial load
on the column.
B.3.6 The accelerometers
Three accelerometers were used during the impact test. One
accelerometer, a HBM B12/500 accelerometer, was Rituated on the
striker and registered the deceleration of the striker. The
natural frequency of this accelerometer is 500 Hz and its nominal
acceleration is 100 m/s2 .
The other two accelerometers were two HBM B12/2000 accelerometers
and they were positioned on the column itself. The one was
600 mm and the other one 1550 10m from the bottom of the column.
For the first few tests a Kyowa accelerometer was used, instead
of one of the HBM accelerometers. in the position 600 mm from the
bottom. This Kyowa's positive direction was the opposite of the
HBM's and this can be seen in the results of the first few tests.
The natural frequency of the B12/2000 accelerometer is 2000 Hz
and its nominal acceleration is 2500 m/s2 .
B.3.7 The deflection meters.
During the static tests the accelerometers were changed for two
HBM W100 LVDT's. Their positions on the column were exactly the
same as that of the acceleromet.ers, HI ot.her words. 600 mm and
1550 10m from the bottom of the column. The LVDT's were used to
measure the deflection of the eolumn. Unfortunately the LVDT's
could not be used during the impA~t test because they could not
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register the 8ctual values fast enough. Howevere, under the
static conditions these LVDT's performed excellent.
B.4 The amplifier ond computer sYstem (data acqyisition systea).
All the instruments were connected to two six channel HBM
amplifiers. These amplifiers were connected to two Olivetti M24
micro computers. All the readings were then taken by these two
Olivetti's and stored in their RAM memory during the impact test
and transferred to floppy disks after the test. A trigger
mechanism was used to trigger the two computers to begin their
readings.
B.4.1 The trigger mechanism.
A trigger mechanism was necessary to start the readings by the
Olivetti's as only a limited number of readings could be taken
during a specific run. The total run fo: all the readings took
only 0,186 seconds.
The trigger mechanism produced a steady 5 volt current monitored
by the computer when it was in the ready state. When the striker
passed a certain point, a micro switch was closed and this
allowed a drop in the constant 5 volt produced by the trigger
mechanism. This drop in the voltage of the trigger mechanism was
reg i stered by the computers and th is then allowed the computers
to start taking readings. In other words, the computers were
brought into a ready state, waiting for the fall in the voltage




Two six channel HBM KWS 673.D8 amplifiers were used. The front
panel of the ampl ifier is shown in figure B.20. All twelve
measuring instruments were connected to the KHS 3073 amplifiers
in the KWS 673 amplifier. The amplifiers were then connected to
two micro computers. The amplifiers and computers set-up is
shown in figures B.21 and B.22.
KWS673.D8
~




Figure B.20: Front panel of the HBM KWS 673.D8 Amplifier.
B.4.3 The micro comput~
During the impact test two Olivetti M24 micro computers were used
to register all the readings during the impact and the static
tests. The computers needed 50 microseconds for each reading.
This meant that if six channels hENe to be read, a minimum of 300
microseconds were needed for each cyole. Twelve channels had to
be read during an impact test. If only one computer was used it
meant that at least 600 mioroseconds were needed for each cycle
to read each channel only once. To minimize the oyole time, two




Figure B.2!: The test column with the instrumentation in the
baok ground.
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Each channel was read 600 times with a cycle time of 310
mioroseconds. In other words each computer took and registered
3600 readings within 186 milliseconds. This meant that a total
of 7200 readings were taken and registered by the two computers
in 0,186 seconds (in less than a fifth of a seoond).
The computers stored all the readings in its RAM memory during
the test and afterwards it was transferred to floppy discs. The
static tests set-up was exactly the same but with the static
-tests time was not a factor and by using ~ different computer
program every reading was immediately stored on floppy discs.
B.4.4 Computer programs.
Existing computer programs (180) for data acquisition were used
in these experiments. Minor modifications were introduced by the
author. The computer program IMPACT was used for the dynamic
impact tests on the columns. This program allows the user to
specify the instruments to he used and there connection positions
to the computer; for the noting of zero readings and for the
specification of the cycle period and the number of cycles to be
registered. Then it brings the computer into a ready state
wai ting for the trigger mechanism. As soon as the computer is
triggered it will read the specified channels in succession every
50 microseconds. Having completed the specified cycle period it
wi 11 return to the first channel and start a new cycle of
readings. This will continue until the specified number of
cycles are reached. During this process all the accumulated data
is stored in the RAM memory of the computer to save time. After
all the readings have been taken the data is transferred to
floppy discs from where it can be processed further.
A second computer program, IMPLOT, was used to read the data
files from the IMPACT-program and then plot the data on graphs.
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For the static tests 6. program called COSTPAM was used. It
differs from IMPACT in that time is not a factor and thus
readings can be taken at any convenient time. In other words,
during a static test the user can wait unti 1 thl~ system has
stabilized under a new load step for example, before the readings
of the channels are recorded. The readings are then immediately
stored on floppy discs before the next set of readings are taken.
B.5 fhQ,tQgraphv.
A photQgraphic recQrd Qf each cQlumn test (impact and static) was
prQduced. These records cQnsisted of videQ recordings as well as
photos taken with a 35mm camera.
A special videQ camera with a very high shutter speed was used tQ
record the impact part of the test. The high shutter speed was
necessary to imprQve the quality Qf the pictures dramatically
when the video was watched frame by frame. The high shutter
speed eliminated any blurring of the pictures. By watching the
impact, frame by frame and in slQW motiQn, very valuable
information about the mQtion of the column and the striker was
gathered, such as the rebound of the impactQr. This explained
certain rebound peaks on the measured impact lQad histQry. The
video camera was also used to follQW the crack grQwth Qf the
cracks during the static tests.
Each column was photographed from bQth sides to record the crack





Before the series of tests were started, four columns were used
to test the apparatus and instrumentation. These prel iainary
tests were very valuable and the following modifications flowed
forth fro these:
1. A column cross section could finally be selected which
would ensure failure under impact and static conditions
which were in reach of the capacity of the designed
equipment and apparatus. This also ensured that a good.
shear pattern could develop. The original column cross
section was based on a quarter scale of a typical bridge
column.
2. The concrete column was supplied with a deeper cross
section inside the steel footing. During the preliminary
tests it was found that if the same column cross section
extends into the steel, cracks developed in the concrete
wi thin the footing. This was undesirable. The increased
section within the footing solved the problem. During the
following tests, cracks only developed in the column above
the footing.
3. All the instrumentation was tested and minor adjustments
were made.
4. The whole pendulum mechanism of the striker and its
release mechanism were tested and a smooth preciictable run
for the striker was ensured.
5. A little anti-rotation beam, as discussed earlier
(paragraph B.2.4), was also supplied during this test phase
because it was found that the column could rotate a 1 ittle
bit inside the steel footing. This modification vrevent.ed
any rotation of the column inside the steel footing.
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6. A standard buffer system fo!' all further tests was
established.
B.6.2 Series of tests.
The series of tests were divided into eight groups. Each group
of tests covered the influence of a specific par8JDeter on the
behaviour of the column. All ti.le columns in each group were
identical and were tested at the same concrete age.
Within each group of columns, at least one of the colu~8 was
tested statically until failure. This column was never subjected
to an impact test. The rest of the colulllOs were then tested
under impact loading. Columns did not fai 1 under the i.pact
loading, were then further statically tested up to failure. This
following static test on an impact daaaged column was to
establish the reserve strength of the column after subjection to
an impact load. It was "cried to apply a large enough illpact
force to at least one of the columns of each group such as to
cause failure under impact conditions.
The groups of columns were as follows:
1. With group one the influence of heavier longitudinal
reinforcement than in the reference group was investigated.
2. With group two the influence of less shear reinforcement
(stirrups), compared to that of group one, was investigated.
3. Group three was used as a reference for the other groups
to be compared with.
4. Group four had less shear reinforcement than that of
group three but more than that of group two.
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5. With this group the influence of a lower strength
concrete was tri ed to be estab I i shed, but the change in
concrete strength, compared to that of group three, was too
small. Hence this group was used to veri fy the
repeatability of this type of tests.
6. This group investigated the influence of the axial load
on the column. Only one fifth of the axial load applied to
the other groups, w~s applied to these group of columns.
7. Group seven invest~gated the influence of a higher
concrete strength as that of the reference group three.
8. Group eight investigated the influence of a lower
concrete strength as that of the reference group three.
R.6.3 Dimensions and reinforcement of colUmnS.
All the columns had exactly the same dimensions. The section
above the footing or from the bottom of the column to the top of
the column was a uniform section of l,6m with a cross section of
350mm x l50mm. The footing section of the column (the section
ins:tde the steel footing) had a length of 400mm and a cross
section of 630mm x 150mm. The dimensions of a typical column is
~hown in figure B.23.
The reinforcement of the columns can be divided into four types
of reinforGement. Type one consisted of 3% longitudinal
reinforcement with R8@100 as stirrups. Type two had 3%
longitudinal reinforcement wi th R8@250 as stirrups. Type three
(the standard) had 1,5% longitudinal reinforcement with R8@150 as
stirrups. Group four had 1,5% longitudinal reinforcp.ment. with
R8@200 as stirrups. The different t.ypes of re~nfor~ement is
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Figure B.23: Concrete column dimensions and types of
reinforcing for the different columns.
B.7 Summary of all the tests on the different columns.
Some of the results of the series of tests are summarized in
Table B.l and 'able B. 2. The first four prel iminary tests are
not shown in this summary because, as previously indicated, these




TABLE B.l: Test data
Column Rein. Concrete stren~th Striker Impact Permanent
No. Type Compr. Tens. Mass Velocity Buffer
7 day Deflectior
(MPa) (MPa) (Kg) (m/s) (mm)
lA 1 30,78 3,27 - - -
1B 1 32,16 4,02 750 6,398 75
1C 1 29,91 3,37 950 6,611 120
1D 1 31,89 3,77 1150 6,644 132
lE 1 28,76 3,03 - - -
IF 1 28,99 2,87 1250 6,940 132
1G 1 28,01 2,97 1450 6,683 144
2A 2 30,78 3,31 - - -
2B 2 29,08 2,63 750 7,123 108
2C 2 30,84 3,32 750 6,462 105
2D 2 30,63 3,38 950 6,407 127
2E 2 29,10 3,07 850 6,522 111
3A 3 27,53 2,59 - - -
3B 3 26,50 2,t;4 650 6,766 91
3C 3 26,35 3,00 850 7,222 111
3D 3 ?5,35 2,83 1050 6,517 118
3E 3 31,69 3,64 1150 6,751 122
4A 4 30,80 3,33 - - -
4B 4 28,10 3,03 650 6,652 92
4C 4 28,90 2,81 850 7,137 107
4D 4 30,10 3,27 1050 6,439 118
5A 3 26,40 2,85 - - -
5B 3 23,00 2,79 850 7,196 111
5C 3 19,70 2,37 1150 6,749 122
6A 3 29,30 3,30 - - -
6B 3 28,20 2,80 650 6,931 86
6C 3 30,00 3,43 850 7, 1f~3 106
6D 3 30,00 3,36 1150 6,660 126
7A 3 41,50 4,06 - - -
7B 3 37,90 3,62 750 7,123 i 105
7C 3 37,40 3,67 950 6,716 I 111
7D 3 36,70 3,19 1250 7,046 124
8A 3 16,40 1,73 - - -
8B 3 16,60 1,83 650 6,820 84
8C 3 18,20 2,18 950 7,051 107
8D 3 19,80 2,29 850 7,091 100
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TABLE B.2: Test results
Column Max. Hor. Max. Hor. Range of diagonal Type--
No. Impact Load Static Load Cracks of
(Angles With Failure
(kN) (kN) Vertical Axis)
lA - 169,7--- 2~:}O ; 39' ; 57' Type 3
lB 182,2 180,2 30' ; 40' ; 61' Type 3
1C 283,9 177,8 32' ; 40' ; 57 • Type 3
1D 268,5 184,6 31' ; 37' ; 55 • Type 3
lE - 185,1 31' ; 36' ; 56 ° Type 3
IF 259,2 170,9 27' ; 36' ; 63' Type 3
lG 328,0 .- 36' ; 50'· Type 2
2A - 158,3 29' ; 38°- Type 4
2B - 147,6 40'· ; 54(\ Type 4
2C 125,0 139,0 34°-; 54' Type 4
2D 165,6 - 33'· ; 41 ° ; Type 2
2E 160,9 157,5 37°· Type 4
3A - 117,0 41°; 54' Type 3
3B - 116,0 41°; 54' Type 3
3C 147,1 115,4 37' ; 54' Type 3
3D 178,4 118,3 39 0; 57° Type 3
3E 206,4 119,6 47 • ; 62° Type 3
4A - 116,2 45 0; 60° Type 3
4B 121,6 111>,9 410; 60° Type 3
4C 151, 4 117,0 44' ; 63° Type 3
4D 197,5 - 35°-; 60' Type 2
5A - I 117,5 41' ; 53' ; 67° Type 35B 146,4 111,6 36 0; 51°; 71° Type 3
5C 175,6 - 41'- ; 66 c Type 2
6A - 110,2 26 0 ; 47 0; 60' Type 3
6B 147,7 114,0 37' ; 46 0; 63° Type 3
6C 157,1 116,0 33 0 ; 50' ; 57° Type 3
6D 224,6 - 45°- Type 2
7A - 126,2 38 ° ; 51 0 ; 71' Type 3
7B 149,8 125,0 37 0 ; 53 0 ; 68 0 Type 3
7C 167,0 123,4 39 0; 67 (, Type 3
7D 229,8 - 41°-; 5'3° Type 2
8A - 107,4 32 0; 40 0 ; 65° IType 3
8B 131,3 106,4 29 0; 41°; 59° I Type 3
BC 181, 9 - 30°- ; 50° Type ~
8D 164,6 -- 34°-; 48 (,; 67 ° IType 2
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* The major crack along which 'the failure of t.he column occurred.
(Normally all the cracks fanned out from the rear bottom corner
of the column. See figures B.25 to B.129.
** Four failure types of the columns were possi~le:
Type 1: Flexural failure of the column under the impact test
conditions.
Type 2: Shear Tai lure of the column under the impact test
conditions.
Type 3: Flexural failure of the column under the static test
conditi.ons.
Type 4: Shear fa i 1ure of the column under the static test
conditions.
*** Unreli~ble value.
B.8 Detail reports of e~ch test column.
This section contains a detail report of every column t.ested.
The behaviour of each column during each test is described and
more details of t.he columns are also given.
B.8.1 CQlumn~ (figures B.24 and B.25)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 20-R8@100
Concrete cover: 23 mm
Concrete mix: Water 27 kg
Cement 54 kg
Sand 114.68 kg
St.one 1 f)H . t,4 kg
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TABLE B.3. Details of concrete cubes from column 1A
NUMBER CASTING DATE AGE MASS SPLIT FORCE IsTRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-1A1 28/C3/88 04/04/88 7 8,42 119,7 695,23 30,90
ML-IA2 28/03/88 04/04/88 7 8,44 - 699,62 31, 10
ML-IA3 28/03/88 04/04/88 7 8,36 111,7 642,02 28,53
ML-1A4 28/03/88 04/04/88 7 8,42 - 731,51 32,51
ML-IA5 28/03/88 25/04/88 28 8,44 - 918,40 40,82
ML-IA6 28/03/88 25/04/88 28 8,43 - 943,31 41,92
This column fai led in flexure. The tension steel started to
yield and at fai lure the column's deflection increased without
any increase in the horizontal load. The ultimate horizontal
force the column could withstand was 169,7 kN which represents an
ultimate flexural moment at the base of the column of 123,9 kNm.
The first crack to developed was a "flexural" crack right at the
bottom of the column as could be expected. This crack started to
develop at a horizontal load of 60 kN. Most of the cracks
started as "flexural" cracks before it changed to "shear" cracks,
developing in the direction of the rear corner of the column.
'There were three significant "shear" cracks. The one crack
developed at an angle of about 39,3 0 and the second one at an
angle of about. 57 0 and the t.hird one at an angle of 29,4' with
the vertical axis of the column.
The axial load dropped as soon as the first horizontal load step
was app1 i ed to the column and then sudden ly the axial force
started to increase as the borizont.al force increased further.
The latter can be at·t:ri buted to the fact that the column started
to crack and thus lengthened due to the shift of the neutral aX1S
to a position further away from the column cent.er line. This
resul ts in an j ncrea.se in the ax) a1 force since the top of the
column was restraint by t.he loading hearn. In figure B.28 it can
be seen that the axial load started to rise at a horizontal IOLd
of 50 to 60 kN "md as mpnLioned earlier the first crack was
visible at f\ load of 60 kN llnfori;unately t~his column started to









Figure B.25: Crack pattern
of Column lA SfJGrJ from t~he
other side of the column.
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Figure B.24: Crack pattern of
Column lA seen from one side.
The numhers next to the lines





It'igures B.24 and B.25 show the crack pattern visible on the two
sides of the column. Figures B.130 to B.133 show graphically the
recorded test data.
B.8.2 Colymn lB. (figures B.26 - B.29)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 20-R8@100
Concrete cover: 23 mm




TABLE B.4: Details of concrete cubes from column IB
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-IBI 31/03/88 07/04/88 7 8,60 124,6 687,80 30,57
ML-IB2 31/03/88 07/04/88 7 8,50 -- 751,35 33,39
ML-IB3 31/03/88 07/04/88 7 8,48 159,9 710,76 31,59
ML-1B4 31/03/88 07/04/88 7 8,52 - 745,00 33, 11
ML-IB5 31/03/88 28/04/88 28 8,46 - 926,22 41,17
ML-1B6 31/03/88 28/04/88 28 8,52 - 968,87 43,06
Impact phase of test on Column 1B
During the impact test it was tried to introduce an impact force
to the column which was the same in magnitude as the failure load
of the static test (Column lA) in this series of tests. The
impact load was 182,2 kN, compared to the static failure load of
Column 1A of 169,7 kN. Unfortunately the static test of Column
lA was not satisfactorily, as previously mentioned and that test
was repeated as Column IE. With thf static test of Column IE the
ultimate static load was 185,087 kN.
good with thp impact load of Column lB.
This value compares very
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During the impact test only a few major cracks developed. A
horizontal crack right at the bottom of the column was visible.
Three diagonal craoks were also visible, but they did not
developed significantly. The diagonal cracks were only faint
cracks arJd they formed angles of 61'. 40' and 30' with the
vertical axis of the column. This oorresponds very good with the
craoks of Columns lA and lE. that is, the static tests.
The axial load increased immediately with the impact and this
indicated that the ooncrete oraoked very early during the impact
test. This early cracking was also assumed in the theory
discussed in chapter 5.
The impact load history was the typical type of function one can
expect of an impact of a "soft" type of impactor or striker such
as a car, a truck or a train.
Static phase of test on Column 1B
After the impact t.est, the column was subjected to an immediate
static test to determine the reserve strength of the column. The
column was step loaded with a static horizontal force in steps of
10 kN. The maximum static load the column could withstand was
180,2 kN. This corresponded very well with the static failure
load of Culumn 1E of 185kN. This indicated that the column's
strength was not seriously diminished by the impact although the
impact load had been alittle higher than the static fai lure
load.
Although the diagonal cracks d~veloped further during the static
test it never looked as if the column would fail in shear. The
"flexural" crack soon started to enlarge. In the end the column
failed in flexure as the longitudinal steel yielded. At failure
the horizontal force stayed nearly constant while the deflection




Figure B.27: Crack pattern
of Column lB seen from the
other side of the column.
•
B. :~(J
[t'igure B. 26: Crack pattern of
Column 1B seen from one side







Figure B.29: Crack pattern
of Column IB seen from the
o~her side of the column.
Figure 8.28: Crack pattern of
Column 1B seen from one f; itjt)






In this oase the axial load started to increase as soon as the
statio load was applied. This indicated that the cracks
immediately started to enlarge and by doing this increased the
length of the oolumn. resulting in the higher axial load.
The damaged column 1B started to fai 1 at a top defleotion of
around 28mm whi Ie the undamaged oolumn IE started to fai 1 at a
top deflection of 25mm. Exaotly the same relation was exhibited
by the defleotion at midheightof the oolumn. The defleotion of
Column 1A was ignored because the column started to rotate inside
the footing and this influenced the deflection of the column
dramatically.
Figures B.26 and B.27 show the craok pattern visible on the two
sides of the column after the impact test. Figures 8.28 and B.29
show the crack pattern of the column after the static test.
Figures B.134 to B.161 show graphically the recorded test data.
B.8.3 ~olymD Ie. (figures B.30 -8.31)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 20-R8@100
Concrete cover: 23 rom




TABLE B.5: Details of concrete cubes from column 1C
NUMBER CASTING DATE AGE MAsslSPLIT FORCE STRENGTH
DATE TESTED DAYS (kg)' (kN) (kN) (MFa)
ML-1Cl 04/04/88 11/04/38 7 8,42 111,0 654,0() 29,07
ML-1C2 04/04/88 11/04/88 7 8,36 - 692,00 30,76
ML-1C3 04/04/88 11/04/88 7 8,36 127,0 675 00 30,00
ML-1C4 04/04/88 11/04/88 7 8,39 - 671, 00 29,82
ML-1C5 04/04/88 02/05/88 28 8,34 - 957,77 42,57




Figure B.30: Crack pattern of










other side af the column.
Figure 8.31: Crack pattern




Impact phase of test on Colymn le
It was tried to introduce an impact force to this collJll'ln which
was greater than the static failure load of Column lA as well as
the impact load of Column lB. The impact force was 283,9 kN.
With the static test of Column IE the ultimate static load was
185,087 kN. Although the impact load was nearly a 100 kN higher
than the static failure load, the column did not fail under the
impact loading.
During the impact test a few oracks developed. A horizontal
crack right at the bottom of the column was visible. Three
diagonal cracks that started as "flexural" cracks were also
present. The diagonal cracks formed angles of 57', 39,5' and 32'
with the vertical axis of the column. This oorresponded closely
with the cracks of Columns 1A and I~, the static tests, and the
cracks of Column IB, the impact test.
The axia.l load increased immediately with the impact and just
after impact it started to decrease and increase innearly the
same frequency as the strain gauges. The increase in the axial
load also indicated that the column cracked. The column
leng'thened due to the cracl.-.ing and i;.his increased the axial load.
The impact load history was again typical of what one could
expect of an impact of a "soft" type of impactor such as a car, a
truck or a train. This impact load history differed from that of
Column IB in that. it had a very high second peak compared to that
"or the previous C( UCln. This very high second peak was the
result of a completely compressed buffer system.
Static phase of test on Column Ie
Aft.er the impact test, a static t.est was done on the column to
determine what stat.ic load the colum!! could wi thstand after such
an impact. The eo:tumn was step loaded with a stati c horizontal
load in steps of 10 kN. The maximum stat.ic load the column could
wit;hstand was 177,8 kN. This curresponded ve':."y well with the
static failul~e lc)ad of Column lE (185kN) and that of Column lB
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(180.2 kN). This indicated that the column was not seriously
rlamaged during the impact, although the impact load was
considerably higher than that. of the static fai lure load of
Column IE.
Although the diagonal cracks developed further during the static
test it never looked as if the column will fail in shear. The
"flexural" crack soon started to enlarge. In the end the column
failed in flexure. While the horizontal force stayed nearly
constant the deflection increased all the time, indicating a
flexural failure.
In this case the axial load started to increaAA as soon as the
static load was applied. This indicate that the cracks
immediately started tlJ enlarge and by doing this increased the
length of the column resulting in the higher axial load.
During the impact test the h( l t L( 1m strain gauge was damaged and
thus during the static test t his strain gauge gave a zero
reading. The damaged column 1B st.a.rted to fail at a top
deflection of around 31mm while the undamaged column lE started
to fail at a top deflection of 2:.lmm and the previous column
Column 1B started t.o fail at f1 drd J 1:('1- i on of around 28 mm.
Figures 8.30 and B.31 show the crack pattern visible on the both
sides of the column after the i mpfwt test. Figures B.162 to
B.189 show graphically the rp~0rded test data.
B.8.4 Column 1D.
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 20-R8@100
Concrete cover: 23 mm
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TABLE B.6: Details of concrete cubes from column 1D
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-IDl 07/04/88 14/04/88 '7 8,42 142,5 724,65 32,21
ML-ID2 07/04/88 14/04/88 7 8,44 - 748,45 33,26
ML-1D3 07/04/88 14/04/88 7 8,42 124, • 671,85 29,86
ML-ID4 07/04/88 14/04/88 7 8,38 - 725,60 32,25
ML-1D5 07/04/88 05/05/88 28 8,46 - 971,99 43,20
ML-ID6 07/04/88 05/05/88 28 8,39 - 967,68 43,01
Impact phase of test on Column ID
With this impact test it was tried to introduce an impact load to
the column which was greater than the impact load of the impact
test on Column lC. The impact force was 268,5 kN compared to the
static failure force of Column lE of 185,lkN. AILhOl..Igh the
impact load was nearly 184 kN higher than the static failure load
of Column IE, the column did not fai I under th'~ impact. load ing.
Due to the use of a different buffer system in this test, the
impact load was lower than that of Column lC. Thus this test can
be used to prove the repeatability of the impact t.8st.S. This
test showed that the repeatability is acceptable.
During the impact test a few cracks developed. A hor i 7.ont.a 1
crack right at the bott.::Jm of the col umn was vi sib 1e. Three
diagonal cracks that started as "flexural" cracks were also
present. The major diagonal cracks formed angles of 54,8 c , 36,0°
and 31° with the vertical axis of the column. This corresponded
with the cracks of Columns IA and IE. the st.etic t.ests, and the
oracks of Colum~s IB and lC, the impact tests.
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The impact peak is very much higher than that of Column 18 and
can be contributed to the buffer system which was ne~rly
completely compressed. Unfortunately the lower ~train gauge was
damaged during the impact phase of the test.
The axial load increased immediately with the impact. The
increa~e in the axial load indicated that the column cracked with
the impact. B.:,. cracking, the col umn lengthened. wh i ch resu 1ted
in the increase in the axial load.
The impact load history was again t.ypical of what one could
expect of an impact of a "soft" type of impactor such as a car, a
truck or a train. After the second peak smaller third and fourth
peaks were present. These two peaks werd the result of the
eolumn's movement. Due to this vibration of the column, the
column is actually impacting the mass as indicated by the further
peaks in the load hist.ory. This "impact" was responsible for the
rebound of the striker.
Stat,ic phase of test on Column lD
After the impact test.) a static test was done on the column to
determine what force the (:01 umn cou ld withstand after such an
jmpact. The column was step 10ttded with a static horizon~RI load
in steps of 10 kN. The maximum Rtatic load the column could
withstand was 184,61 kN. This corresponds very well with the
static failure load of Column lE (185 kN) and that of Column IB
(180,2 kN) and that. of Column le (177,8 kN). This indicated that
the column was not damag'p.d ~~eriously during the impact although
the impact load was considerably higher than that of the static
failure load of Column IE.
Al though the mfljor diagonal cracks rleveloped furt.her during the
static test it never looked as if the column will fail in shear.
The "flexural" crflck soon st>art.ed to enlarge. In the end the
cl.1lumn failed in flexure. Whilf'~ the horizontal loan stayed
nearly eonstant. the deflection kept. incTeasing, indicating a
flexural failure of the column.
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In this case the axial load started to increase as soon as the
static load was applied. This indicate that the existing cracks
immediately started to enlarge, increased the length of the
column, resulting in the increase in the axial load.
As indicated with the impact test the bottom strain gauge was
damaged and onlY a zero reading from this strain gauge was
recol·ded. The damaged column 1B started to fail at a top
deflection of around 29mm while the undamaged column 1E started
to fai 1 at a top deflection of 25mm and the previous columns
Column 1B and Column 1C started to fai I at deflections of 28mm
and 31mm respectively.
When all the results of this test is compared wi toh the other
columns in this group it is clear that the repeatability of this
kind of tests is acceptable.
Ii'igures B.32 and B.33 show the crack pattern visible on both
sides of the column after the impact t.est. Figures B.190 to
B.217 show graphioally the recorded test data.
B.8.5 Column IE. (figures B.34 to B.35)
Reinforc~ment: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 20-R8@100
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'fABLE B.7: Details of concrete cubes from column lE
NUMBER CASTING DATE AGE MASS SLPIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-lEl 25/04/88 02/05/88 7 f3,36 113,48 601,9:3 26,75
ML-lE2 25/04/88 02/05/88 7 8.40 - 612,64l 27,23
ML-1E3 25/04/88 02/05/88 7 8,42 100.4 638,4~ 28,38
ML-1E4 25/04/88 02/05/88 7 8,40 - 656,36 29,17
ML-1E5 25/04/88 23/05/88 28 8,45 - 925,8/ 41.15
ML-lEG 25/04/88 23/05/88 28 8.43 - 932,4/ 41.44
Static phase of test on Colymn lE
This oolumn was the repeat test of Column lA. The column was
step loaded wi th a stat ic horizontal load in steps of 10 kN.
This column failed in fl;!xIJre. The tens i on stee1 ste rted to
yi e Id and at fai lure the column's deflection i ncreased without
a.ny increase in the horizontal load. The ultimate horizontal
load the column could withstand was 185.087 kN which represents a
ultimate bending moment at the base of the column of 136.96 kNm.
The diagonal crack pattern developed quite well. The first crack
to develop was a horizontal crack right at the bottom of the
column. This crack st,arted to develop with a horizontal load of
60 kN. Most of the major cracks started as a flexural crack
before it changed to a diagonal crack. developing in the
direction of the rear corner of the column. There were three
major diagonal crqr:ks. The one crack developed at an angle of
30.7° and the ~econd one at an angle of 35,5° and the third one
at an angle of 55,6 0 with the vertical axis of the column.
The axial load started to decrease as soon as a horizontal load
was applied to the column and then suddenly the axial load
started to increase as the horizont.al load increased further.
Th is was due to the fact that the column started to (:'Rck and
thus lengthened and by lengthening the axial load jr,creased.
With a 60 kN horizontal load the first bending crack was visible
and at that point the axial load st:.art.ed to rise, t.:iUS this
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nonfirms that the development of oraoks was rAsponsible for the
rise in the axial load. as described earlier.
~ith e. to? deflection of 25 mrr.. the column started to fai I, but
the ultimate deflection of the column was about t.3mm. This
indicated that the reinforcement yielded while the column
deflected further.
Figures B.34 and B.35 show the crack pattern visible on b0th
sides of the column after the static test. Figures B.218 to
B.221 show graphically the recorded test data.
B.8.6 Column IF. (figures B.36 to B.39)
Heinforcement: Main: 4-YJ6 + 4-Yl€ (3,07 %)
Stirrups: 20-R8@100
Concrete cover: 23 mm




TABLE B.8: Details of concrete cubes from column IF
STRENGTH 1NUMBER CASTING DATE AGE I MASslSPLIT FORCE
DATE TESTED DAYS i (kg); (kN) ( kN) (MPa)
ML-IFl 28/04/88 05/05/8& ? I 8,~31109.? 608,79 27,06
ML-IF2 28/04/88 05/05/88 '7 I 601,05 26,71
I 8,00 - IML-IF3 28/04/88 05/05/88 "7 , 8,481 93.2 630,88 28,04
ML-IF4 28/04/88 05/05/88 ? 8.42 673,53 29,93
ML-IF5 28/04/88 26/05/88 28 8,48 - 791,98 35,20
ML-IF6 28/04/88 26/05/88 28 8,5·) - 902,18 40,10
I I
Impact phase of test on Column IF
W: .h this impact test it was t.ri r-od to i nt.roduce ar. ~ mpa,~t. foroe
to the column which was large enough t.o let. t.hp column fai 1 under
the impact load. The impact. for!'p was 2:',9. 24~1 kN l'ompared t.o t.he
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static failure force of Column IE of 185,lkN. Although the
impact load was 74 kN higher than t.he static load the column did
not fail under the impact load. Although a heavier mass was used
wi th th is impact test, the maximum impact load was lower than
that of Column's IC and lD.
After the impact loading a horizontal crack right at the bottom
of the column was visible. Three major diagonal cracks were also
present. The major diagonal cracks formed angleR of 62,7·, 36,1·
.,\nd 25,6 0 wi th the vertical axis of thfl column. This
corresponded very good with the cracks of Columns 1A and 1E, the
static tests, and the cracks of Columns IB, lC and 1D, the impact
t.ests.
The axial load increased immediately with the impact. The
1ncrease in the axial load indicated that the column cracked and
thus lengthened, resulting ill the higher axial load.
The seconn peak of the impact load history was quite high
compared to !"lome of the other eolumns, but it compared very well
wich that of Columns lC and 1D. After the seoond peak a smaller
third peak waR present. This third peak was an indication of the
column impacting the mess. This" impact" was confi rmed by the
video reQordings.
Static phase of test on Column IF
After the impact test, a static test was done on the column to
determinlO- what force the column caould withst.and after such an
impact. The column was step loaded with a static hori30ntal load
in steps of 10 kN. The maximum static load the column could
withstand was 170,91 kN. This corresponded with the static
failure load of Column IE (185 kN), t.hat of Column 1B C.80,2 kN)
and t,he.t of Column Ie (177,8 kN). This indicated that the column
was not damaged serir~sly d;lring t.he .lmpact. tdthol1gh the impact
load was considerably higher than that of the static failure load
of Column IE.
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}i'igurc' H. :'<'7: Crack :paU,crn
of Cc:d umn lB' seen frGffi t.he






Figure B.39: Crack pattern
of Column IF seen from the
other side of t.he column.
Fi~"re B.38: Cr'fick p~1U.ern 'Jf
C(Jlt.!mn iF s(~en fl'om one ~~idf?
8 ft,,,?!' U'ji" f:l.a1~ i r: i.(C~f;l..
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Although the major diagonal oracks developed further during the
static test it never looked as if the column might fail in shear.
The "flexural" crack soon started to enlarge. In the end the
column failed in :flexure. While the hori~tJntal force stayed
nearly constant the deflection kept increasing, which indicated a
flexural failure.
With this static test the axial load started to increase as soon
as the statio load was appl ied. ThlS indicated that the cracks
immediately started to enlarge and thus inoreased the length of
the column, resulting the increase in the axial load.
The impact da.maged Column IF started to fail at a top deflection
of around 32mm while the undamaged Column IE started to fail at a
top deflection of 25mm, while the previous columns Column lB. lC
and lD started to fai 1 at deflections of around 28mm, 31mm and
30mm respectively.
Figures B.36 and B.37 show the crack pattern visible on both
~ides of the column after the impaot test. Figures B.38 and B.39
show the crack pattern visible after the static test. Figures
B.222 to B.249 show graphically the recorded test data.
B.8.7 Column 1G. (figures B.40 to B.41)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirryps: 20-R8@100
Concrete cover: 23 mm





Figure B.41: Crack pattern
and failure of Column IG
seen from the other side.
B. !,fi
Figure 8.40: Crack pattern 8~d





"ABLE B. 9: Details of concrete cubes from column IG
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-IG1 19/05/88 26/05/88 7 8,39 107,7 619,42 27,53
ML-IG2 19/05/88 26/05/88 7 8,45 - 629,51 27,98
ML-1G3 19/05/88 26/05/88 7 8,42 102,5 612,03 27,20
ML-1G4 19/05/88 26/05/88 7 8,45 - 630,92 28,04
ML-IG5 19/05/88 16/06/88 28 8,62 - 871.36 38,73
ML-1G6 19/05/88 16/06/88 28 8,38 - 893,30 39,?0
]mpact phase of test on Column IG
Wi th thlS impact test it was tried to int,reduce an impact load to
the column wh i ch was great enough to let the column fa i I under
the impact loading. The impact force was 327,997 kN compared to
the static failure force of Column IE of 185,lkN. The impact
fai lure load was 77,2% higher than the static fai lure load of
Column IE. The column failed in shear. Interestingly, all the





the impact te~t two major diagonal cracks developed,
angles of 50,4 0 and 36,1 0 with the vertical axis of the
The column failed along the 50,4' diagonal crack. Only
a small hori zontal crack right at the bottom of the col umn was
visible after the impact failure and it looked as if this crack
had not a chance to develop. The 36,1 0 orack oorresponded with
the diagonal cracks of the rest of the columns in this group.
Unfortunately the bo" ·'om strain gauge was damaged during the
impact Joading. The damage of this strain gauge gave an
indication of the time tDe failure crack reached the rear face of
t,he column. This showed that the crack reached the rear face of
the column even before the maximum impact load was registered.
After the first and second peak of the impact load history, a
series of further peaks were also present.. Th is furt.her peaks
were due to the fai lure of the .:() I umn allli the striker wb ich
"caught" up with the column at those specific points.
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Jj'igures B.40 and B.41. show tht~
B.57
is i b 1e erack Pfittern and the
failure cracks of the column, from both sides.
B.273 show graphically the recorded test data.
B.8.8 Column 2A. (figure B.42 to B.43)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 8-R8@250










TABLE B.10: Details of concrete cubes from column 2A
NUMBER CASTING DATE AGE MASS SLPIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-2A1 11/04/88 18/04/88 7 8,40 112,0 654,87 29,11
ML-2A2 11/04/88 18/04/88 7 8,50 - 726,78 32,30
ML-2A3 11/04/88 18/04/88 7 8,42 122,1 - -
ML-2A4 11/04/88 18/04/88 7 8,47 - 695,69 30,92
ML-2A5 11/04/88 09/05/88 28 3,40 - 960.63 42,69
ML-2A6 11/04/88 09/05/88 28 8,48 - 939.95 41,78
Static test of column 26
This column failed in shear. Two major diagonal cracks developed
quite early. The cracks formed shear angles of 38 0 and 29 0 with
t.he vertical axis of the column. The shear cracks started in the
middle of the column and then grew i...owards the front. and rear
faces of the column. This is t.ypical of shear failure. These
two cracks widened to more than 2mm. The horizontal failure load
was 158,31 kN, or in nt.her words, the shear fai lure force was
158,31 kN. This horizont.al load corresponds with a bending
moment of 117,15 kNm.
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Figure B.43: Craok pattern
of Column 2A seen from the






At failure there were only a few horizontal cracks visible. When
the horizontal load was released, the shear cracks did not close
as in the case of the flexural failure of Column lE.
The axial load started to decrease as soon as a horizontal load
was applied to the column, before the axial load sunddenly
started to increase as the horizontal load increased further.
Once again this is due to the fact that the column started to
crack and thus lengthened and by lengthening the axial load
increased because the axial load beam retarded the lengthening.
At a horizontal force of about 125 kN the strain at the rear
bottom of the column suddenly started to decrease again. This
can be explained by the fact that the shear cracks reached the
faces of the column and thus shear became dominant over flexure
and thus the strain was sl ightly relaxed, as indicated by the
strain gauge at the rear bottom of the column.
visible crack
Figures B.274
Figures B. 42 and B. 43 show the
column after the static test.
graphically the recorded test data.
B.8.9 Column 2B. (figures B.44 to b.47)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 8-R8@250













Figure B.45: Crack pattern
of Column 2B seen from the
other side (If the column.
H.60
It'i~lJr(: B. 44: Crack pat..1~F:rrJ of
Colqmn 2B fH:,en from OrJ/} fjide
a f1,f'!r i.b(! j mpact.. pba:;(:t.
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Figure B.47: Crack pattern
of Column 2B seen from the
other side of the column.
n. En
l'~igure iI" 46: Crack pat.t.t:~rn of
Co I umn 213 ~i,:en from ow: f; ide
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TABLE B.11: Details of concrete cubes from column 2B
NUMBER CASTING DATE AGE MASS SPLIT FORCE ~TRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-2B1 14/04/88 21/04/88 7 8,37 97,2 623,5~ 27,72
ML-2B2 14/04/88 21/04/88 7 8,40 - 654,30 29,08
ML-2B3 14/04/88 21/04/88 7 8,32 88,8 524,03 23,29
ML-2B4 14/04/88 21/04/88 7 8,36 - 654,26 29,08
ML-2B5 14/04/88 12/05/88 28 8,38 - 974,59 43,32
ML-2B6 14/04/88 12/05/88 28 8,39 - 929,15 41,30
Impact phase of test on Column 2B
It was tried to introduce an impact load to the column which had
the same magnitude as the failure load of the static test (Column
2A) in t,his series of tests. Unfortunately the computers were
triggered too early. Thus no data were recorded for the impact
tests. In spite of this problem, a static test was done on the
column immediately after the impact test.
During the impact test one major "shear" crack developed,
starting in the middle of the column and spreading towards the
edges ( but it did not reach the edges). Th is "shear" crack
formed an 8.ngle of 39,6 0 with the vertical axis of the column.
Apparently there were no significant horizontal cracks visible
after the impact loading.
Static phase of test on Column 2B
After the impact test, 8. static test was done on the column to
determine the reserve strength of the column. The column was
step loaded with a static horizontal load in steps of 10 kN.
During the st,atic test the "shear" crack which developed during
the impact test phase started to increase in width at quite a low
horizontal force. Wi th a horizontal force of 20 kN another
"shear" crack developed forming an angle of 54°. This "shear"
crack did not develop furt.her. Exactly the same behaviour was
found in the st8.tic test of Col. 2A.
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The first "shear" crack developed and it was soon clear that this
craok would be the failure mechanism of this column. At a
maximum horizontal load of 147.6 kN the column failed in shear.
This horizontal load corresponds with a flexural moment of
109.22 kNm. This column could not reach the static failure load
of Column 2A (158.31 kN). At failure only a few "flexural"
cracks were visible, but these cracks did not develop. Once
again when the horizontal force was rp,leased there was no sign of
rehabilitation of the column or that the cracks closed as in the
case of the flexural failures of the column 1 series.
Again the axial load dropped as soon as a horizontal force was
applied to the column before it suddenly started to increase as
the horizontal load increased further. This could be attributed
to the cracking and thus the lengthening of the column which was
retraint to a certain degree by the axial loading beam.
At a horizontal force of about 116 kN the strain at the rear
bottom of the column suddenly started to decrease again. Exactly
the same happened to the static test of Col. 2A. but in the case
of 2A the strain only started to drop at a Horizontal force of
125 kN. This can be explained by the fact that the "shear"
cracks reached the faces of the column a..""ld thus shear became
dominant over flexure with the result of relaxing the compression
strain slightly, as indicated by the strain gauge at the rear
bottom of the column.
The damaged Column 2B started to fail at a top deflectior. of just
over 20 mm while the undamaged Column 2A started to fail at a top
deflection of just under 20 mm.
Figures B.44 and B.45 show the visible crack pattern on both
sides of the column after the impact test. Figures B.46 and B.47
show the crack pattern after the static test. Figures B.278 to
B.281 show graphically the recorded test data.
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B.8.10 ColYmn 2C. (figures B.48 to a.51)
Reinforoement: Main: 4-Y16 + 4-Y16 (3.07 %)
Stirrups: 8-R8@250
Concrete cover: 23 mm




TABLE B.12: Details of concrete cubes from column 2C
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-2Cl 18/04/88 25/04/88 7 8,42 113.5 622.6~ 27.67
ML-2C2 18/04/88 25/04/88 7 8,43 - 701. 4~ 31,18
ML-2C3 18/04/88 25/04/88 7 8.37 121.0 618.26 27,48
ML-2C4 18/04/88 25/04/88 7 8.34 - 686.5'i 30,51
ML-2C5 18/04/88 16/05/88 28 8,57 - 894.67 39,76
ML-2C6 18/04/88 16/05/88 28 8,50 - 901.46 40.06
Impact phase of test on ColYmn 2C
With this impact test it was tried to introduce an impact load to
the column which was the same in magnitude as the failure load of
the static test (Column 2A) in this series of tests.
Unfortunately the impact load was lower. The impact load was 125
kN compared to the &tatic failure load of Column 2A of 158.31 kN.
During the impaot loading a clear "shear" orack developed,
starting in the middle of the column and spreading towards the
edges (but it did not reach the edges). This shear crack formed
an angle of 34' with the vertical axis of the column. There was
only one faint horizontal craok visible at the bottom of the
column after the impact loading.
The axial load increased immediately wit~ the impact, indicating




Ii'igure B. 4~1: Cra(~k pat.t~~rll
of Column 2C seen from the
other sidp of the column.
n. fH:J
Figure 8.48: Crack pattern of
Column 2G seen from one ~; id~




I,'lgurf' n.f,j: (:rw·k PIILLI'r'n
of Cfl!lllfllJ :·~C ~';I:i'n fr'lIf11 Lhi'
r.ll,hi·t, :;id,' Ill' lh.· "II!IHun
B, fif.i
Fiaure R.50: Crack pattern of
Co] urnn ~~c ~,een from nrJt? ~; ide
aft.erthe fci1.a t i (: 1~f~f;t.,
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Static phase of test on Colymn 2C
After the impact test, a static test was done on the column to
determine what the reserve strength of the column was after (woh
an impact. The column was step loaded with a static horizonta 1
load in steps of 10 kN. During the static test the "shear" crack
which developed during the impact test phase started to increase
in width at quite a low horizontal load. With 8. hori~ontal lo~d
of 20 kN another diagonal crack developed, forming an angle of
54', This diagonal crack did not develop further. Exactly thp.
same behaviour was found in the static tests of Columns 2A and
28.
The first "shear" crack developed and it had been clear that this
crack would be the failure mechanism of this column. At a
maximum horizontal load of 139 kN the column fai led in shear.
This horizontal load corresponds with a flexural moment of
102,1 kNm at the bottom of the column. This column could not
reach the stat,ic failure load of column 2A (158,31 kN). Once
again when the horizontal force was released there was no sign of
rehabilitation of the column or that the cracks closed as in the
case of the flexural failures of the column 1 series. After this
test the same conclusion as with column 28 can be reached, that
is, that if a c)lumn that will fail in shear under static loading
conditions was subjected to an impact load (without failure of
the column under the impact loading) that column could not reach
the original static failure load of an undamaged column, when
tested with a static load. This seems not to be the case with a
flexural failure type of column.
Again the axial load dropped as soon as a horizontal load was
applied to the column before it suddenly started to increase as
the horizontal load increased further. Again this was due to the
cracking of the concrete.
At a horizontal 1 of about 108 kN the strain at rear bottom of
the column suddenl:' started to decrease again. Exactly the same
happened to the stati~ test of Col. 2A, but in the case of 2A the
Stellenbosch University http://scholar.sun.ac.za
B.68
strain only started to drop at a horizontal load of 12& kN. Once
again this was due t.o the "shear" cracks f~ha.t reached the fttees
of the column indicat~ing the dominance of the shear and th~
slight relaxation of the compression s~rain, as indioated by the
strain gauge at the rear bottom of the oolumn.
The damaged Column 2C started to fail
around 20 rnm while the undamaged Column
top deflection of just under 20 mm.
at a top deflection of
2A started to fail at a
Figures B.48 and B.49 show the visible crack pattern on both
sides of the column after the impact test. Figures 8.50 and B.51
show the crack pattern after the static test. Figures B.282 to
8.309 show graphically the reoorded test data.
B. 8.11 Column 2D. (figures B.52 to B.53)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 8-R8@250
Concrete cover: 21 mm





TABLE B.13: Details of concrete cubes from column ".J
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-2Dl 21/04/88 28/04/88 7 8,40 127,4 672,61 29,89
ML-2D2 21/04/88 28/04/88 7 8,36 - 682,72 30,34
ML-2D3 21/04/88 28/04/88 '7 8,34 111 )0 651,59 28,96(
ML-2D4 21/04/88 28/04/88 7 8,42 - 712,13 31,65
ML-2D5 21/04/88 19/05/88 28 8,43 - 914,89 40,66
ML-2D6 21/04/88 19/05/88 28 8,36 - 935,87 41, 59
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Figure B.53: Failure and
erack pat.t.,:,rn of Co] umn 2D








Impact phase of test on Column 2D
Wi th th is impact test it was tried to let the c:olurnn just fail
under the impaot load. The column failed completely in shear.
The maximum impact load was 165,6 kN. This failure load was
just higher than the static failure load of 158,31 kN of Column
2A.
Two diagonal cracks developed during the impact. The two cracks
formed angles of 33 0 and 40,5 0 with the vertical axis of the
column. The failure crack was the 33· crack. This 33~
corresponded with the 34° failure shear crack of Column 2C. No
horizontal cracks were visible after the impact loading.
Once again it was very interesting that the impact fai lure load
was quite close to the static failure load. In the case of a
typical flexural failure of the series 1 columns, the impact load
the column could withstand was considerably higher than the
static load the column could wi·l;hstand. In other words, a column
that would fai I in shear during a static test is very suspect
under impact loading.
The bottom strain gauge was damage during the impact. This
damage occurred at about the time the "shear" crack reached the
rear face of the column.
The axial load increased j mmediately wi th the impact and just
after impact it start.ed to decrease and kept decreasing, while
the recorded axial load of Column 2C started to osci llate after
the initial impact.
No static test was possible due to a complete shear failure of
this column during the impact phase of the test.
Figures B.52 and B.53 show the visible crack pattern on both
sides of the column after the impact. t.est. Figures B.310 to
B.333 show graphically the recorded test data.
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B.8.12 Colymn 2E. (figures 8.54 to 8.57)
Reinforcement: Main: 4-Y16 + 4-Y16 (3,07 %)
Stirrups: 8-R8@250
Concrete cover: 21 mm




TABLE B.14: Details of concrete cubes from column 2E
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-2El 02/05/88 09/05/88 7 8,42 114,7 589,79 26,21
ML-2E2 02/05/88 09/05/88 7 8,39 - 632,31 28,10
ML-2E3 02/05/88 09/05/88 7 8,35 102,3 594,22 26,41
ML-2E4 02/05/88 09/05/88 7 8,44 - 677,23 30,10
ML-2E5 02/05/88 30/05/88 28 8,38 - 842,79 37,46
ML-2E6 02/05/88 30/05/88 28 8,38 - 883,03 39,25
Impact phase of test on Column 2E
With this impact test it was tried to introduce an impact load to
the column just below the previous impact shear failure load of
Column 2D (165,6 kN). The maximum impact load on this column was
160,89 kN. This load was just lower than the failure impact load
and thus, as expected, the column did not f~il completely under
this impact loading. This impact load was just higher than the
static failure load of Column 2A of 1t8,~1 kN.
Only one clear "shear" crack developed during the impact phase of
this test. This crack formed an angle of 36,6 0 with the vertical
axis of the column. This corresponded with the "shear" cracks of
the other columns in this series of t.ests. (Column 2A - 38·;
Column 28 - 39,6 0 ; Column 2C - 34 0 ; Column 2D - 33· & 40,5 11 .)
Once again ~here was no visible horizontal cracks at the bottom
of the column after the impact loading. The axial load increased
immediately with the impact.
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aftor t~hf~ impact phase.
Figure 8.54: Crack pattern of




Figure B.55: Crack pattern
of Column 2E seen from the
other side of the column.
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Figure B.57: Crack pattern
of Column 2E seen from the
other side of the column.
~'igIH'El B. 56: Cr'hek ptti.t,ern l)f
Co 1umn 2E ~;f~'}n from O()f"1 8 j (he"
Rf~er the 8tn~jc te~~.
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Static phose of test 00 Column 2E
After the impact test, a static test was done on the column to
determine the reserve strength of the column. The column was
step loaded with a static horizontal load in steps of 10 k.N.
During the static test the "shear" crack which developed during
the impe.ct loading phase, started to increase in width at quite a
low horizontal load. No other diagonal cracks did develop during
the static phase of this test. The original "C'hear" crack
developed to form the shear failure mechanism.
At a maximum horizontal force of 157,5 kN the column failed. in
shear. This horizontal load corresponds with a flexural fooment
at the bottom of the column of 116,5 kNm. This column could just
not reach the static failure load of column 2A of 158, 31kN. Once
again when the horizontal force was released there was no sign of
rehabilitation of the column or that the cracks closdd as in the
case of the flexural failures of the column 1 series. Although
this column performed much better under the static loading than
the previous columns 2B, 2C and 2D the same conclusion, as with
the other columns of series two, can be made. That is, that
after an impact load was introduced to a shear failure type of
column, the column could not reach tht.! original static failure
load of an undamaged column. This seems not to be the case with
a column failing in flexure under static loading.
Again the axial load dropped as soon as a horizontal load was
applied to the column before it suddenly started to increase as
the horizontal load increased further. Once again this was due
to the cracking of the column.
Unfortunately the strain gauge at the rear bottom of the column
was damaged and thus the values of this strain g~uge was
unrel iable. The damaged column 2E st.arted to fai 1 at a top
deflection of just above 20 mm (the same as columns 2B and 2C)
while the undamaged column 2A started to fail at a top deflection
of just under 20 rom.
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It'igures B.54 and B.55 show the visible crack pattern on both
sides of the oolumn after the impaot test. Figures B.56 and B.57
show the craok pattern after the static test. Figures B.334 to
B.361 show graphioally the reoorded test data.
B.8.13 QQlymn 3A. (figures B.58 to B.59)
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm




EABLE B. 15' Details of concrete cubes from column 3A
NUMBER CASTING DATE AGE MASS SLPIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MFa)
IML-3Al 0f.,/05/88 12/05/88 7 8,34 99,6 621,84 27,61
ML-3A2 05/05/88 12/05/88 7 8,38 - 613,29 27,26
ML-3A3 05/05/88 12/05/88 7 8,40 83,5 608,64 27,05
ML-3A4 05/05/88 12/05/88 7 8,36 - 623,33 27,71
ML-3A5 05/05/88 02/06/88 28 8,45 - 886,54 39,40
ML-3A6 05/05/88 02/06/88 28 8,38 - 904,93 40,22
Static test on Column 3A
The column was step loaded with a static horizontal load, in
steps of 10 kN. With a 40 kN horizontal load (moment of 29,6 kNm
at bottom of column) the first horizontal crack started to
develop at the bottom of the column. With a 50 kN horizontal
load two further horizontal cracks started to develop just above
the first one. With a 60 kN horizontal load yet another
horizontal crack developed higher up. The 50 kN and 60 kN
horizontal cracks developed into diagonal cracks with angles of
40,5° and 54° with the vertical axis of the column, respectively.
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Figure B. b9: Crack pati~ern
of Column 3A seen from the
oU-.er side of t~be column.
B. m
Figllrf~ B. rIB: Craek p~tUJ~rn of
e''llimn 3A G(~t-'-l frmll l)n.-: ~3id.~
afLer t.b~1 st.at. i e t .. ·~;t ..
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Alt.hougb the diagonal cracks did develop, the column failed in
flexure with a static horizontal load of 116,97 kN. This
horizontal load corresponds with a bending moment of' 86,6 kNm at
the bott.om of thf3 column. This maximum load was only reached
after a considerable increase in the deflection of the column.
From a horizontal load of about 105 kN the deflection increased
considerably without an excessive increase in the applied load,
indicating yielding of the reinforcement.
Again the axial load started to dec~e&se as soon as a horizontal
load was appl ied to the column before it suddenly started to
increase as the horizontal load increased further. This was once
again due to the cracking of the concrete. As previously
mentioned, the first "flexural" crack was visible with a 40 kN
horizontal load. On the graph of the axial loads (figure B.364)
it can be seen that the axial load started to increase with the
40 kN horizontal load.
ThEl strain at, the rear bottom of the column continued to increase
up to fai lure of the column. This meant that no crack reached
-the rear face of t,he column to release the compression strain on
the rear side of the column.
At a top deflection of about
At a deflection of 63 mm
reached.
16 mID the column started to fail.
an ultimate load of 116,97kN was
It'igures B. 58 and B. 59 show the crack pattern after -r;he static
t~est. Figures B.362 to B.365 show graphically the recorded test
data.
B.8.14 Column 3B. (figures B.60 to B.63)
Heinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm
Stellenbosch University http://scholar.sun.ac.za
8.18




TABLE B.16: Details of concrete cubes from oolumn 3B
NUMBER CASTING DATE AGE MASS ~PLIT FORCE ~TRENGTH
DATE TESTED DAYS (kg) (kN) (kN) OWa)
ML-3Bl 09/05/88 16/05/88 7 8,40 97,4 597,04 26,54
ML-3B2 09/05/88 16/05/88 7 8,37 - 603,34 26,82
ML-3B3 09/05/88 16/05/88 7 8,34 89,4 573,96 25,51
ML-3B4 09/05/88 16/05/88 7 8,37 - 587,43 26,12
ML-3B5 09/05/88 06/06/88 28 8,46 - 843,02 37,47
ML-3B6 09/05/88 06/06/88 28 8,38 - 833,63 37,05
Impact phase of test on Column 3B
With this impact test it was tried to introduce an impaot load to
the column which was the same in magnitude as the st6Lic failure
load of Column 3A. Unfortunately the c:able connecting the load
plate (which measured the jmpaot force) with the instruments
broke just before impact and thus the impact load history could
not be recorded. The impact load was estimated to be about 125
kN. This was just a.bove the static fai lure load of 116,97kN of
Column 3A.
During the impact two horizontal and two diagonal cracks
developed. One of the horizontal cracks was right at the bottom
of the column while the other one started about 140 mm from the
bottom. The two diagonal cracks which formed angles of 40,5 0 and
~,4 0 with the vertical axis of the column. As was the case with
the series one tests where flexural failure occurred the cracks
closed after the impact and the damage did not look very serious.
The axial load increased immediately with the impact. Once agai~
th is indicated that the concret,e cracked just aft.er impact and
thus the assumption of the theory of chapter 5 that the concrete




Figure B.61: Crfluk pa-ttern
of Column 38 seen from the
other sirle of the column.
B. '/9
It'igl.l:C(~ H.60: Cn:Jr;k patt,ern ur
Column :3B ~;f:"F:n ft'om 0n~ ~:; id,~
Etft,er· tbl" j wpa(:L phnf;(· .
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CollIlI:!! :~H ':1"-11 fr'oJlH ')lJl, :id,:,
rd't,i:t 1cb.· :;i.'lLj" ~ {,;;t
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Static phase of test on Column 3B
After the impact test, a static test was done (.[1 the column to
determine what load the column could wi thstand after such an
impact. The column was step loaded with a static horizontal load
in steps of 10 kN. During the static test the horizontal cracks
soon started to enlarge, although they were slow to increase in
length. The two diagonal cracks developed slowly but it never
looked as if the column might fail in shear. The diagonal cracks
angles of 40,5 0 and 54 0 corresp0nded very well with that of the
static test of Column 3A.
The column failed at ~tatjc horizontal load of 116,01 kN. This
corresponds with a bending moment of 85,85 kNm at the bottom of
the column. This static failure load was nearly exactly the same
as that of Column 3A and Column 3C. This confirms the results of
the series one tests t;hat after an impact load was introduced to
a flexural fai lure type of co] umn, the reserve f3trengt,b (under
static loading) of the column is the same if not higher than the
strength of an undamaged column like Column 3A.
The axial load immed i ate ly started to increase as soon as the
horizontal load was applied. This happened because the column
already had cracked under the impact loading and these cracks
immediately enlarged as soon as t.he horizontal load was applied.
This lengthened the column, resulting in the increased axial
load.
As was found with the strain of Column 3A, the strain measured at
the rear bot.tom of the [~olumn i.ncreased all the time during the
test. This indicated that no cracks reached the rear face of the
column, 1 ike In th~ sh~ar fH i I ures of U)~ numb~r two serl es
columns.
The damaged column 38
around 27 mm while the
hJp deflect~ion of ab0ut.
a deflect.inn of 42 mm
deflection of 63 mm.
7~t.M.rt.p.d t.o fai 1 at a top deflect.ian of
lmdamaged column 3A st.art.ed to fai 1 at. a
16 mm. Thi:~ colur:m f!'li led camplat.ely at
whil~' C':(>lurnn 3A rai1t'd ,·omplet.ely at a
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Figures B.60 dod B.61 show the visible crack pattern on both
sides of the column after the impact test. Figures B.62 and B.63
show the crack pattern after :~he static test. F'igures B.366 to
B.392 show graphically the recorded test data.
B. 8. 1.5 ColuU"~ (figures B.64 to B. 67)
Reinforcement: Main: 2-Y16 + 2-'Y16 (1, 53 %)
Stirrups: 14-R3@150
Concrete cover: 23 mm




TABLE B. 17: Details of concrete cubes from column 3C
NUMBER CASTING DATE AGE MASS SPLIT FORCE IsTR~NGTH
DATE TESTED DAYS (kg) (kN) (kN \ (MPa)
ML-3C1 12/05/08 19/05/88 7 8,42 100,7 592,4:3 26,33
ML-3C2 12/05/88 19/05/88 7 8,45 - 598,45 26,60
ML-3C3 12/0fJ/88 19/05/88 7 8,37 111,2 590,06 26,22
ML-3C4 12/05/88 19/05/88 7 8,44 - 590,21 26,23
ML-3C5 12/05/88 09/06/88 28 8,36 - 891,69 39,63
,ML<iC6 12/05/88 09/06/88 28 8,33 - 855,72 38,03
Impact phase of test on Column 3C
With this impact test it was t.ried to introdl::::e an impact loci to
the column which was great,er than the static fai lure load of
Column 3A. The impact load jnt.roduced to t.he column peaked at a
load of 147,063 kN This was considerably higher (25,7% higher)
than the static failure load of 116,97 kN of Column 3A.
Stellenbosch University http://scholar.sun.ac.za
Fie;Urf' B. 6!1: Crack pal-LerTl
() f Co j uwn :3C ~;p..-~n fI"owL!'JI.·
ot.h.=>r ~; ide (lft.h'> (·olumn.
Fjgur-e B. 64: Cr-al:k f,;:-,i.t ..,-rn ,)f
(~("J1ttrnrl :3r; ~3t=·t- .. tl r !""C31!! (.~!!f:" ~-; j d t~·
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F:i gu rH B. h'7: Cr,H:K paLI.t:~rn
of ell 1umn ~3C ~~flen from i.he
nt.l-lf'r ~; j cJp ofLhe (~ulurnn.
B.B4
Figure: B. 66: Cr;:Jck pal. Lt'rrl of
Col umn 3C seen from <JU': ,] j d.~
af-t.er Lh.-! ~d.aL j (. tJ-!~ot._
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During the impact two horizontal cracks and two diagonal cracks
developed. One of the horizontal cracks was r.ight at the bottom
of the oolumn while the other one started at about 75mm from the
bottom. The two diagonal cracks formed angles of 37,3 1 and 53,4 1
with the verticnl axis of the column. This crack pattern was
nearly exactly the s~me as that of Columns 3A and 3B. As was the
case with the series one t.ests where flexural fai lure (static
loading) occurred, most of the cracks closed after the impact and
the damage did not look very serious, ftlthough the cracks were a
little bigger than that of the previous impact test of Column 3B.
The axial load increased immediately with the impact.
Static phase of test on Column 3C
After the impact t.est, a static test was done on the column to
determine the reserve strength of the column. The column was
step loaded with a static horizontal load in steps of 10 kN.
During the static test the horizontal crack!".; soon started to
enlarge although they were slow to increase in length. The two
diagonal cracks developed slowly but it never looked as if the
column can fai 1 in ;:;lJear. The diagonal crack!:, Bogl es of 37,3·
and 53, 4 ~ corresponded with that of the st.ati c: tests of Columns
3A and 3B.
The column fai led at static horizontal load of ~ 15, 39 kN. This
corresponds with a bending moment of 85,4 kNm at the bottom of
t.he column. This static failure load was nearly exactly the same
as that of Column 3A and Column 3B. This confirmed the results
of the series one tests that after an impact load wa~ introduced
to a flexural failure type of column (static loading) the reserve
strength of the column would be the same if not higher than the
static strength of an undamaged column, like Column 3A.
The axial load again dropped a litt.le but then it stayed nearly
constant for most of the test except that at the end of the test
in started to increase. Unfort.unately the load beam started to




The damaged Column 3C started to fsi I at a top deflection of
around 25 mm while the undamaged Column 3A started to fail &t a
top deflection of about 16 mm. This column and Column 3B failed
completely at deflections of 44 mm and 42 mm respectively, while
Column 3A failed completely at a deflection of 63 1DlD. This
indicated that the longitudinal steel of column 3A had to be work
hardened before it could reach that ultimate failure load, while
Column's 3B and 3C have already been work hardened by the impact
loading.
Figures B.64 and B.85 show visible the crack pattern on both
sides of the column after the impact test. Figures B.66 and B.67
show the crack patt~rn after the static test. Figures B.393 to
B.420 s~ow graphically the recorded test data.
R.8.1S Column 3~ {figures B.68 to B.71}
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm




TABLE B.18: Details of concrete cubes from column 3D
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-3D1 16/05/88 23/05/88 7 8, 42 11(3,4 569,43 25,31
ML-3D2 16/05/88 23/05/88 7 8,39 - 569,08 25,29
ML-3D3 16/05/88 23/05/88 7 8,43 90,9 552,6E 24,56
ML-3D4 16/05/88 23/05/88 7 8,37 - 572,44 25,44
ML-3D5 16/05/88 13/06/88 28 8,36 - 823,14 36,58
ML-3D6 16/05/88 13/06/88 28 8,40 - 820,8E 36,48
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F igurp. B. 71: Crw_,k pFtt;t.ern
(If Col ullin 3D :~(-'en frow-i.bp
nthcr ::iidc uf tbe column.
B.flU
Figllrf: B. '10: Craek par.t.f:'l'rJ uf
Colllmn :3D f;':'l::n f~"m ont'; ~i'j"




j mpf\ut, phase of test 00 Column 3D
With thi~ impact test it was tried to iotroduee an impact load to
the column which was greater than the impact. load on Column 3C.
The irnpac+ loading int.roduced to the column peaked ttt a load of
178,42kN compared to the load of 147.063 kN of Column 3C. These
was considerably higher (53,5% higher) than the -·tatie failure
load of 116,97 kN of Column 3A and 21,3% higher tha~n the impact
load on Column 3C.
During the impact, two major hori zontal and two ma,jrH" diagonal
cracks developed. One of the horizontal cracks was right at the
bottom 01.:' the column whi Ie the r.d,her o .....~ started 70mm above the
bottom. The two diagonftl cracks which formed angles of 38.5- and
f16, 6 0 wi th tho vertical axis of th~ eolumn. Thi& crack Fattern
was nearly exactly the same as that of Columns 3A, 3B and 3C. As
was the ease Wl th the s~ries one tests where flexural fai lure
occurred, the cracks closed after the impact.
The graphs (figures B.422 and B.424) of the Axial loads indicBtf>
a very small decrease with impact and then it immediately
'increased to nearly double the original axial lORd on the <.:olumn.
The axial load oscillated around B higher m~dian lh&~ the
original load. This lndicai.,ed that the (1olurnn had perrn8n~nt
damage as was inJicated by the diagonbl crack of 56,6°.
Static pha!Se of test on Column 3D
After the impact t.est, a st.at ic test was done on the column to
det,erminp. ~he re:~ervc st.rength of the .~oll.Jmr:. The column W8.S
step loaded with a ;:;tat.ic horizontal load in steps Clf 10 kN.
During the static test.) the horizontBl GrBck~ S00n sta:-t.ed to
enlarge al t.hough they '''ere s low to 'i ncreBt-e in 1ength. Toe ~wo
rliagonal (:ra~ks d,-ve}op(c:d fdow}y. The OP2 ,'>rack of ~,6,Go was a
few millimet.ers '.lid~ at t:.he st.art of tb~_' st.at.ic t.est and it
looked a~: i.f the column mi~ht. fail in sh?ar Trw di~(ma} cC3·:ks
angl •..:i of 38.;,0 and ,t:16,6° ("orr~~:.:q:",nd;c-d with t.hj~ st.at.i:::: tests of
:·Jll..'mns "!A, 3B and ~1C.
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The column failed at stati~ horizontal load of 118,31 kN. This
oorresponds wi tb a fl exural moment of 87,5 kNm at the bottoUi of
the coluwn. This static failuro load was nearly exactly the same
e.s that of Columns 3A l 3B and 3C. This once again confirmed the
results of the series one tests, that is, that after an impact
load was introduced to a flexural failure type of column (under
static loading) the static reserve ~trength of the column would
be the same if not higher than the static strength of an
undamaged column, like Column 3A.
Similar to Column 3B, the axial load immediately started to
jncrease as soon as the static horizontal load was applied. This
indicated that the column was damaged during the impact loading
and that the cracks immediately started to enlarge as soon as the
horizontal load was applied.
The strain rneasured at the rear bott.om )f the column increased
ali the time during the static test, similar to the behaviou of
the strains of Columns 3A, 3B and 3C. This indicated tha~.. no
craoks reached the rear face of the column. I ike in the shear
failures of the number two series columns, to sligbt.ly release
t.he stre.in.
The damaged l'olurnn 3D started to fai I at a top deflection of
about, 25 mm while the undamaged column 3A started to fail at a
t.op deflect.ion of about 16 mm. This column and Columns 3B and 3C
fC'iJed comple-tely at deflections of 48 mm, 44 mm and 42 mm
respectively, while Column 3A failed completely at a .Jeflection
of 6~i mm.
Figures B. 68 and B. 69 show the vis i bI e (,rack patt.ern on both
sides of the column nfter the impact t8s1. Figures B 70 and B.71
show the crack pa-:.tern aft.er the ~;t.ht.il' Vc'st.. !t~igures B.421 to
H.448 show graphically the re~nrded test data.
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B. a. 1'/ Column 3F;, (figurt:::: B. 'l? L" B. p,
Reinforcement;: Main: ::'. '1'16 t 2 Ylfj (1,~,3 ~,
Sti rrup:3:
C(:.n.::rE:t.;~ rn i >~ : t~ftt.':1 r ,-, ., 1', kp-
CRrnenL ~) ~j ~. ..-\ kg\.)
Sand 114, 68 kg
Stone 169. [14 kg
TABLE B. 19: Details of connrete cube£:; from column :)E
NUMBER CASTING DATE AGE MASS SPLIT FORCE ~TRENGTIl
DATE TESTED DAYS (kg) (kN) (kN ) (MPa)
ML--3El 16/06/88 23/06/88 7 8,46 138.7 684.9( 30,44
ML--3E2 16/06/88 23/06/88 7 8,40 - 725.6P. 32,25
ML-3E3 16/06/88 23/06/8B 7 8,41 118.3 684,86 30,44
ML-3E4 16/06/88 23/06/88 7 8,37 - 7[,6,58 33.fn
ML-3E5 16/06/88 14/07/88 ~~8 8,48 - 1005.53 44.69
ML--3E6 16/0h/88 14/0'1/88 28 8.46 10~':-:.71 46.15
Impact phAse of tes~ on Colu~, 3E
the column vhich was fl;reat.er thl':ln t.he impact 1'-';'1(1 em {".,1
The impact. loadin[~ int.rnd\ll:r>r] to the ('olurnn pF:'aked at '.
?OR.4316 kN cornpFtr'~d to the 1 (,I£ul "f 178.42 kN (If C.,luli.t ..'.
was considerably higher ('l6,5~~ higher) than the ,ih' !.':J}
load of j 16, ~j7 kN nf C":o]urnn 3A and 1~,. 7~:' higrwr til ~',
load un Culurnn 3D.
Dllrin£1 thf.! impact two nwjor hCJrizont-al 3tid t.W<1 fllf1_.!I'Y ,.iagona}
cracks developed.
above thl? bct~t,om of th,) column.
cU]l.lmn





eolurnns in t.his fierier;. As "'n:w the caSt~ with the f;er-le~; one
tests where flexural failure occurred the cracks ~los~d after the
impact. This column WBf.:; fH.IPPOs&d 1'.0 fai I during the impaG1, t'.est.
but, it; did not, because of the high€:r cone rete strength.
Although it did not fail, it was clear from the cracks etc. that
this column was on t.he verge of failt.~re during th,.~ impact loading
phase.
At this stage it looked as if a column ...,ill not fail HI flexure,
but that it would rather fail in shear.
The graphs (figu res B. 450 hnd B. 4tl?,) of the axi a I loadf'; ind i eated
a small decrease with impact anli then it immediately increased to
nearly double UJI.] uriginal axial load on the eolumn. The axial
load osc111at,ed around a higher median than the value of the
original load. This indicated permanent damage of the column.
Similar impac:t. load histories were present with
i mpact. test~;. A th i rd peak on the load funct. ion
column "impact.ing" th,~ f.;triker Etguln due to th~
t.he co 1ulTIn .
St;at,ic phase of test on Culumn 3E
a 11 the other
i nd i cat.ed the
uscillation of
Aft~er the irnpFl.(' I test,. a f~tatic test was done on the (;olumn to
determine the rp,;prve f.;trengt,h ()f the ',olumn. The C'()lumn was
step loaded with a ~;tatic horizontal ll)ad in sf,cps of 10 kN.
Dur ing tb8 st,a L i (. test the rna jor hnri zonta I cracks soon f;tart.ed
t·o enlarge. The two major diagonal ,-racks rl.=-velopprJ ~;]owly and
HI t,he end it, lonkecl as if t.he column migh1, fail in 5rwar.
The ,';,-,lumn failen Flt. st.at.ie horizont.al ]Orirl of 119,fJEd:J4 kN, This
corresponds WiUl a bcmding m('rnent of 88, f, kNm f\t the hot.t.om of
the col umn, This ~3t,at.ic fai ,1H'e load was f;irni lar to that of
Co lumns :3 A" :38, 3C and 3D.
t.hat. 18, t.h [\ t impBcL load was
:int,rodured t,c. a flexural fail11re typc" "f ,·",lumn (sf.dLl,· t('~3t) t,h(~
reserve st.rengt,h ,If' the ('rJ]'Hnn w(J1Jld h,' ':L~~ ::;lm~~ regi()n as the
f:t.at.ic fFl.ilurp st,rt"ngt,h Ilf Iti 'lll,l:,m:\!?'~',-l ""l'lmn like. C"lumn 3A.
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it' i C;ll r',:, n, "l :1 C~ I' it c '1: pH t.1 ("rn 1
rd' ( ~ f 1 I lW11 I :-i I'~ ,:t'I'n f~ Cc 1m Lll(~
( ,fl'll' !'
.' i 1 ':f I ,j' Ul" ('f) 1 IlIon 9J.!
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Similar to the !~t8tic t,estEJ of Column 38 and 3D, thFl I:1xial load
immediately started to increase as soon as the ntatlc horizontal
load was applied. This indicated that the column was damaged
during impact Rnd that the cracks immediatFlly started to enlarge
and thus incrF'Bsed tbe length of the column and t,he axial load on
t.he column,
Once again the bottom strain gauge indicated chat no c:racks
reached the rear face of the column, unl ike the case wi th t,he
shear failures of the number two series of columns.
The damaged Column 3E f-;tarted to fai I at a top deflection of
around 38 mm while the undamaged nnlumn 3A started to fail at a
t,op deflection of about ]6 mm. This indicated that considerable
damage was done to this column with the impact loading. This
oolumn and Columns 3B, 3C and 3D failed completely at deflections
of 56 mm, 44 mm, 42 mm and 48 mm respectively, while Column 3A
failed completely at a deflection of 63 mm.
Figures B.72 and B.73 show tbe visible orack pat.tern on both
sides of the column Aft.er the impact test. FigurAs B.74 and B.75
show the 0rn.ck pFl.t,1,ern after t~he nt,at,ic test. }<'igures R.449 to
H.476 show graphically the recorded test data.
k. 8.18 Column 4t\. (figures B.76 to B.77)
Heinforcement: Main: 2 Y16 + 2 Y16 (1,53 %)
lOR8@200
Concrt:Le (~over: 23 rom




'l'ABLE B. 20: Details of concrete eubes of column 4A
.
NUMBER CASTING DATE AGE MASS SLPIT FORCE' ',TRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (M?a)
-
ML-4A1 23/05/88 30/05/88 7 8,36 113,7 665, 10 29,fi6
ML-4A2 23/05/88 30/05/88 7 8,40 - 704,31 31,..,0
ML-4A3 23/05/88 30/05/88 7 8,42 121. 5 670,84 29,S?
ML-4A4 23/05/88 30/05/88 7 8,44 - 733,04 32,58
ML-4A5 23/05/88 20/06/88 28 8,44 - 931,14 41,38
ML-4A6 23/05/88 20/06/88 28 8,41 - 947,69 42,12
Static test on Column 4A
The column was step loaded with 8. static horizontal load in steps
of 10 kN. At a 50 kN horizont,al load (moment of 37,0 kNm) the
first horizontal crack started to develop at the bot-tom of the
suggested that the crack start-ad
column. This horizontal erack was qu i te a long crack whi cb
to develop just after the load
was increased from 40 kN to 50 kN. At 50 kN horizontal load t.wo
more diagonal cracks formed. The diagonal cracks formed ftngles
of 40, f,O and 65.4 0 respectively with the vertical axis of the
column.
Initially it looked as if the column \/ould fai I in flexure
because the hori.zontal cracks kept widening, while the diagonal
cracks st,ayed dormant. With fl. h~)l'izontal load of just under 70
kN the one diagonal crack forming an angle of about 45' with the
vertical axis of the column suddenly increased in width. With a
80 kN horizontal load it Jooked as if the column might fail in
f~hear along t~his 45 0 diagonal crack. With a 90 kN lead this
diagonal crac~ reached the baok face of the column. At a 100 kN
load t,he cleve' opment of t.he diagonal crack stopped and t,he column
st,art.ed to fai 1 in flexure. The deflect.ion st,art.ed to increase
dramatically while the horizontal furce increased only slightly.
The horizont,al force reached an ul t.irnat,e load of ] 16,16 kN
(corresponding with a be~jing moment of 86 kNm at the bottom of
i.he column). Typic-ttl to a fJ.exuraJ fl1il'Jrp t.hA cracks ('losed as
a permanent. deflect.lon pn'~;f·nt.
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Again the axial luad started to drop ;~W Goon /i.:j the horizont.hl
load was c\pplied to the oolumn, before it suddenly f.tarted to
increase as the horizontal load increased further. As previously
mentioned, the fl1st horizontal erl1ek was visible between a 40
and 50 kN horizontal load. The graphs of the axial !oads (figure
B. 479) show that the axial load 8tart~d to increase between the
40 kN and 50kN horizontal loads. Thus the graph c:orresponded
very well with the crack development of the column. With a 100
kN horizontal I08d, the column started to fail in flexure. This
is also clearly visible on the graphs (figure 8.479) of the axial
loads, because the axial loads rose c:onsiderably at that stage.
This considerable rise can be f-!xplained by the increasing crack
widths resulting in t1 lengthening of the column an~ thus a hiqher
axial load.
The graph of the straid (figure B. 478) at the rear bottom of the
column is a very good indicat.ion of the failing mechanism of the
column. Up to about a 70 kN horizontal load the flexural
rnechan i sm '",as the dorni nant lIIechFtn i 8m and thus the !;tra i n
increased cons iderably. Frean just under 70 kN up to about 90 kN
the shear rneGhani~Hn WafJ tbe dominnnt. fact,or and this is (·learly
visible on the s~rBin graph because in that Area the increase in
st.rain 'was qui te small compared t.o the previous part. of the test.
At 90 kN the shear crFtck reached the back face nf the rolumn and
on the graph it can be saen that the strain was slightly
J·eleased. At this st.age the flexl.H"a1 lIJ"'!chanism took over,
result.ing ir only a s1 ight decrease in i.he st rain.
At a top cleflp.ct~i(Jn of about. 17 mm the column s~.art~ed to fail.
At a deflect.ion of 48 mm the .-:o}umn reach an ult.imat.e load of
]16,16 kN.
Figures B.76 an.:i B.77 show t.he crack }Jflt.t.f>rn aft,er t.he static




I"il:::urc R. 7'/: Cr-;fl(·k pat-t.!> 'On
(If Culumn 4/\ ~c;Cf'n {'r'(lw 1'1('
nt-he,r : 'de lft.he ',(I h.,uHn.
B.HH
Fje,n'(' E. 7(;: Cl';1f'k p;f~1.L"!n: of




B. 8. 19 Co 1\,Imn 48. (f i gu res B. 78 t.O B. 81 )
Reinforcement: Main: 2-Y16 ~ 2-Y16 (1,53 %)
Stirrups: 10-R8@200










TABLE B. 21: Details of concrete cubes from column 4B
NUMBER CASTING DA'!'E AGE MASS SPLIT FORCE c;TRENGTfJ
DATE TESTED DAYS (kg) (kN) (kN) (MPs)
ML-4Bl 26/05/88 02/C6/88 7 8,34 112,4 632,71 28.12
ML-4B2 26/05/88 02/06/88 7 8,42 - 624,55 27,76
ML-4B3 26/05/88 02/06/88 7 8,43 101,7 630, 18 28,01
ML-4B4 26/05/88 02/06/88 '7 8,42 - 622,69 27,68
ML-4B5 26/05/88 2,/06/88 28 8,38 - 862,21 38.32
~!L--4B6 26/05/88 23/06/88 28 8,60 - 857,9C 38,13
Impact phase of test on Column 4B
With this impact test it was tried to introduce an impact load to
·the column whi ch was t.he same in mbgni tude as the fai lure load of
the stAtic test nf Column 4A. The impact. loading introduced to
the column peak at a maximum load of 154,425 kN. Th is peak was
the first peak of the load funet.ion and of very short duration
(only about. O,3ms). The ~~econd peak was lower than the first
peak and p0aked at 121,0 kN. This longer duraL-ion peak was the
important one and it compared favourably with the static failure
load of 116,16 kN of Column 4A.
During the impact. t~wo major hurizont.ai e:-<>.:ks and two major
diagonbl ~racks developed. Ot),-· of th,? h~,ri zontal cracks was
right. at t' : Jott.or.l of t.hp cn1utnn .:hi>-· t-h("~ nt.her one ~t.art.ed
about 75mm above the hntt.om of t rll:' (',J1'll!lf) The t.wo major
oiagcnal ('racks formed anglf'~; Ill' 41.~~·' ;'1nd ,c,j' \oI]t1j the vert.ieal
!'1xis of t.he ('I)ll,trun.
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Just after the irnpaG'L loud ing r;'Lartod, the ax i a 1 load d ropp<:~d
slightly but immediately after the sligh1, drop it increased.
~tatic phase of test on Colymn 4B
After the impact t.est, F.1 static test was done on the collJlTln to
determine the ~tatic reserve strength of the oolumn. The column
~as step loaded with a statio horizontal load in steps of 10 kN.
During the static test the horizontal oracks scon started to
increase in width although theY were slow to increase i. length.
The two major diagonal craoks developed slowly and it never
looked as if the column would fail in shear. The diagonal cracks
angles of 41,2~ and 60 0 correspond.ed very well with the diagonal
cracks of the st.at,ie test, of Column 4A (45· and 60·).
The column fai led in flexure at a static horizontal load of
J 16, 88 kN. This (:orresponds with a flexural moment of 85,65 kNm
at. the bottom of t.he column. This st,atic fai lure load ....·as nearly
exact.ly the same as that of Column 4A (llG,16 lc.N). This once
again oonfirmed the result.s of the ~eries one t.ests, that is,
that after an impact. load was introduced to a flexural fai lure
type of column (static test) the reserve static Rtrength of the
column would be similar t.o that of an lmdamaged r:olumn 'ike
Column 4A.
In this case the axial load did not drop but it irnmediately
f;tarted to increa<;e as soon as the horizont.al load was applied.
This happened hecaUf;e Rxisting cracks immediately st.arted to
enlarge as soon as the horizontal force was applied a~d this lpad
to the lengthening the oolumn and an incr~asqd axial load.
The damaged r,olllmn 4B started to fai 1 at a top deflect.ion of
about, 3C) rom wbile the undamaged column 4A st.arted to fail at a
top defleotion of 16 - 17 mm. This column failed completely at a
Lop defl ect i on (If 48 r'lm wh i 1 e Co 1umn 4A Ed so fEl i 1ed camp letely at.
R top deflection of 48 mm.
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Ji'igures B.78 and B.79 show the visible r.rflek pat,t,ern on both
sides of the column after the impact test.. If'igures B.80 and B.81
show the crack pattern after the static test. Figures B.481 to
R.508 show graphically the recorded test data.
B.8.20 Column 4e. (figures B.82 to B.85)
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 10-R8@200









TABLE B. 22: Details of concrete cubes from column 4C
NUMBER CAS'tING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-4Cl 30/05/88 06/06/88 7 8,42 107,6 621,19 27,6]
ML-4C2 30/05/88 06/06/88 7 8,39 - 653,08 29,03
ML-4C3 30/05/88 06/06/88 7 8,48 90,8 626,42 27,84
ML-4C4 30/05/88 06/06/88 7 8,46 - 649,19 28,85
ML-4C5 30/05/88 27/06/88 28 8,38 - 866,06 38,49
ML-4C6 30/05/88 27/06/88 28 8,50 - 866,51 38,51
Impact phase of test on Column 4C
With this impact test it was tried to introduce an impact load to
the column which was much greater in magnitude as the failure
load of the static test of Column 4A. The impact loading applied
to the column peak at a value of 151, 42 kN. This peak was the
longer duration peak, in ot.her words the second peak, and thus
the important one. This peak was 30,3% higher than that of the
static failure lOnd of Column 4A (116,16 kN). Although this load
was considerably higher than the st.atic fai lure load of Column
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During the impact phase of this test one of the bars connecting
the sway frames wi tb the axial load beam snapped (due to metal
fatigue) and released all the axial load on the column. This
happened just after tbe start of t.he impact loading. Up to that
stage of the test the results were reliable, but after that point
t.he results should be seen in the context of no axial load on the
column.
During the impact two major horizont.al cracks and two major
diagonal cracks developed. One of the horizontal cracks was
right. at the bottom of the column while the other one started at
About 75mm above the bottom. The two diagonal cracks formed
angles of 44,2° and 62,7° with the vertical axis of L..hc· column.
Just after the impact. loading started, the axial load dropped
slightly before it immediately started to increase. During this
lncrease phase, axial load beam snapped and the axial load
dropped to 7.ero. The increase in the axial load was once again
due to the cracking of the concrete resulting in an increased
length of the column and thus an icreased axial load.
Static phase of test on Column 4C
After the impact, t.ast., a static test was done on the column to
determine the static reserve strength of ~he column. The column
was step loaded with a static horizontal load in steps of 10 kN.
During the f;tatic test the horizontal cracks soon started to
increase 1n width, although they were slow to increase in length.
The two major diagonal cracks developed slowly and it never
looked as if t:he column would fail in shear. The diagonal cracks
angles of 44,2° and 62,7° corresponded with the diagonal cracks
of the static test of Column 4A of 45° and 60°.
The column failed at a static horizontal load of 116,97 kN. This
corresponds wi th a bend ing moment of 86 .. 6 kNm at the bottom of
the column. This static failure load was nearly exactly the same
as that. nf Columns 4A end 4B (116,16 and 116,88 kN respectively).
This confirmed the results nf the series one tests, that is, that
after an impa~t load was int.roduced to a flexural failure type of
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column (static test) the stat~io ref;erve strength of the column
would be similar to the static strength of an undanlaged oollJmn,
like Column 4A.
The axial load immediately started to increase as soon as the
horizontal load was applied. Existing cracks immediately
inoreased in width as soon as the static hori zontel load was
app] ied. This lengthened the column, resulting in the increase
in the axial load.
The damaged column 4C started to fail at a top deflecticjn of
around 32 mm whi Ie the undamaged column 4A sta...·ted to fai 1 at a
top deflection of about 16 17 mm. This column fbiled
completely at a deflection of 52 mm, '",hile Column 4A failed
completely at a deflection of 48 mm as well.
Figures B.82 and B.83 show the visible crack pattern on both
sides of the column after the impact test. Figures B.84 and B.85
show the crack pattern after the static test. Figures B.509 to
B.536 show graphically the recorded test data.
B.B 21 Cn:umn 4D. (figures B.86 to B.87)
Reinforc~ment: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 10-R8@200
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TABLE B.23: Details of concrete cubes from column 4D
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MFa)
ML-4Dl 02/06/88 09/06/88 7 8,44 122,1 658,04 29,25
ML-4D2 02/06/88 09/06/88 7 8,48 - 681, 81 30,30
ML-4D3 02/06/88 09/06/88 7 8,52 110,2 629,81 28,00
ML-4D4 02/06/88 09/06/88 7 8,48 - 676,62 30,07
ML-4D5 02/06/88 30/06/88 28 8,45 - 861,44 38,29
ML-4D6 02/06/88 30/06/88 28 8,46 - 845,54 37,58
Impact phase of test on Column 4D
WiGh this impact test it was tried to introduce an impact force
to the column which was greater than the impact force on Column
4C and one that should force impact failure of the column. The
impact loading applied to the column peaked at a load of 197,46kN
compared to the peak load of 151 42 kN of Column 4C. This was
considerably high~r' (70,0% higher) .:.han the static failure load
of 116,16 kN of Column 4A and 30,4% higher than the impact load
on Column 4C. The column failed in shear under the impact
loading.
During the impact two major horizontal cracks and two major
diagonal cracks developed. One of the horizont.al cracks was
right at the bottom of t.~he column whi Ie the other one started
about 50 mm above the bottom of the column. The two major
diagonal uracks formed angles of 34,7· and 60,2 0 with the
vertical axis of the column. This crack patt.ern was ver f.;imi lar
to that of Columns 4A and 4B. The column failed along the 34,7°
diagonal crack in shear.
Unfortunately the rear bottom strain gauge was damaged during the
impact test and the readings after about. 45 ms was unrel iable.
The damage to this st.rain gauge gave an indication of the time
when the diagonal crack reached th'C: rear face of the column.
This showed that the crack reached t.he rear face of the column
just after the peak of the impact. loading was registered.
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The axi a1 load fi rst decreased slightly before it started to
increased. After the impact the axial load dropped to zero which
indicated that a complete column failure occurred. With a shear
fai lure the axial load should drop to zero because the cohunrJ
lost its load bearing capacity.
After the impact test, no static test could be done because the
column failed completely in shear.
l"igures B.86 and B.87 show the visible erack pattern on both
sides of the column after the impact trst. Figures B.537 to
B 560 show graphically the recorded test data.
B.8.22 Column SA. (figures R.BB to B.89)
Heinforcement: Main: 2-Y16 + 2-V16 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm




TABLE B. 24: Det.ai Is of concrete cubes from column 5A
NUMBER CASTING DATE AGE MASS SLPIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MFa)
ML-5A1 06/06/88 13/06/88 7 8,44 101,8 529,44 23,53
ML-5A2 06/06/88 13/06/88 7 8,40 - 594,41 26,42
ML-5A3 06/06/88 13/06/88 7 8,38 99,8 583,12 25,92
ML-5A4 06/06/88 13/06/88 7 8,36 - 592,27 26,32
ML-5A5 06/06/88 04/07/88 28 8,38 - 764,05 33,96
ML-5A6 06/06/88 04/07/88 28 8,40 - 764,66 33,98
Stellenbosch University http://scholar.sun.ac.za
Iii gure B. 88 - Crack pai;i:f-:rn




Static test on Column 5A
Wi th this test it was tried to test I:l column wi th a concrete
compress i ve strength abo....t 8 - 10 MFa lower than that of the
series three columns. Although the cement/water ratio was
lowered from 2 to 1.65. the concrete compressive strength was in
t;he same region as that of the series 3 tests. This meant that
this tests could only be used to prove the repeatability of this
kind of tests.
The column was step loaded with a static horizontal load in steps
of 10 kN. At a 50 kN horizontal load (moment of 37.0 kNm) the
fi rst horizontal crack started to develop at the bottom of the
column. At ftbout 60 kN horizontal load two further cracks
developed a little bit higher up on the column. With a 70 leN
horizontal load another crack developed even higher up. The 50
kN, 60 kN and 70kN cracks developed into diagonal cracks with
angles of 41,2°, 53,4° and 66,8· with the v~rtical axis of the
column. This could be compared with the results of Column 3A.
Although the diagonal cracks did develop the column failed in
flexure with a static horizontal load of 117.50 kN. This
hori~ontal load corresponds with a bending moment of 86,95 leN. at
the bottom of the column. This ultimate load was only reached
after a considerable increase in the deflection of the column
starting with a horizontal load of about 100kN.
Again the axial load started to drop as soon as a horizontal load
was applied to the column, before it suddenly started to increase
as the horizontal force increased further. Again this was due to
the cracking of the concrete. As previously mentioned, the first
horizontal crack was visible with a 50 kN horizontal load. The
graphs of the axial loads (figure R.563) !';hows that the axial
load started to increase with a 50 kN horizontal load.
The strain at the rear bottom of the column continued to increase
up to failure of the column. This meant that no crack reached
the rear face of the column t.o release the compression strain on
the rear side of the column.
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At a t.op deflection of about 17,5 mm the c:olumn started to fail.
At 8 deflection of 53 mm the column reached an ultimate load of
117,5 kN.
All the results compared acceptably with that of Column 3A. This
proved the repeatability of this type of test~.
F'igures B.88 and B.89 show the crack pattern after the static
test. Figures B.561 to B.564 show graphically the recorded test
data.
B. 8.23 Column ~·~lL. (figures B.90 to B. 93)
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150









TABLE B. 25: Details of concrete cubes from column 5B
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
MI.-5Bl 10/06/88 17/06/88 7 8,33 100,3 484,20 21,52
ML-5B2 10/06/88 17/06/88 7 8,58 - 532,65 23,67
MI.--5B3 10/06/88 17/06/88 7 8,38 96,6 501,06 22,27
MI.-5B4 10/06/B8 17/06/88 7 8,48 - 501,94 22.31
MI.-5B5 10/06/88 08/07/88 28 8,45 - 695,42 30,91
MI.-5B6 10/06/88 08/07/88 28 8,45 - 735,71 32,70
Impact phase of test on ~~o) \lmo 5B
With i..his impar:t t.est. it. was t.rlerl T.O lnt.roduce an impact load to
the column whieh was grAAb'~r t.hFtn t.he st.atic failure load of the
RT.at.ic test of Column 5A. Thp impf1ct. loading appl ied to the
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column peaked at a load of 146,398 kN This was considerably
higher (24,6% higher) than the static failure load of 117,50 kN
of Column 5A.
During the impact a horizontal crack and three major diagonal
crack~ developed. The horizontal crack was right at the bottom
of the column. The three major diagonal cracks formed angles of
36,1° and 51,3° and 71,1 9 with the vertical axis of the column.
This crack pattern was very similar to that of Column 5A.
Similar to the series one tests where flexural failure occurred,
with the static tests, the cracks closed after the impact and the
damage did not look very serious
Static phase of test on Column 5B
After the impact test" a st.atic test was done on the coillmn to
determine the reserve strength of the column. The column was
step loaded with a static horizontal load in steps of 10 kN.
During the stat.ic t.est the horizontal cracks soon started to
increase in width, although they were slow to increase in length.
The diagonal cracks developed slowly and it never looked as if
the column would fai 1 in shear. The diagonal cracks angles of
36,1°; 51,3° and 71,1° corresponded with ~hat of the static test
of Column 5A.
The column failed at static horizontal load of 111,61 kN. This
corresponds wi th a bending moment of 82,6 kNm fl.t the bottom of
the column. This static failure load was a little lower than
~hat of Column 5A. This lower value was due to a lower concrete
r.ompression strength, than that of Column 5A.
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The axial load immediately increaf;wd af; sonn ar: thF: horizoni.al
load was flpplied to the column. This was due to th; fact that
t,he concrete of the column was a1 ready 0racked bytbe . llpact test
and thus the cracks started to increase in width en S00n 8S the
horizontal load was applied. The widening of the cracks
lengthened the column, resulting in the increased axial load.
Similar to Column 5A, the strain measured at the rear bottom of
the column inoreased all the t,ime during the t,est. This
i nd icat,ed that no cracks reached the rear face of the column
(like in the shear failures of the number two series columns) and
thus releasing the r;train in that region of the column. .Just
before failure the strain dropped which indicated that a crack
reached the back face of the column to release the strain in that
region.
The damaged column 5B started to fail at a top deflect.ion of
around 35 mm while the undamaged Column 5A started to fail at a
top deflection of about 17,5 mm. This column failed completely
at a deflection of 44 mm, while Column SA ffliled completely at a
deflection of 53 mm.
Figures B.90 flnd B.91 shml the visible eraek pattern on both
sides of the column afi,f-!r the impact~ t.Ast,. Figures B.92 and B,93
show the crack pat.t.ern after the static t.est,. Figures B.565 t.o
B.592 show graphically the recorded tAst data.
B.8.24 Column 5C. (figures B.94 to B.95)
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150














TABLE B.26: Detai.ls of concrete cubes from column 5C
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-5C1 30/05/88 06/06/88 7 8,48 95,5 440,71 19,59
ML-5C2 30/05/88 06/06/88 7 8,43 - 446,36 19,84
ML-5C3 30/05/88 06/06/88 7 8,44 71,8 416,4~ 18,51
ML-5C4 30/05/88 06/06/88 7 8,38 - 439,9~ 19,56
ML-5C5 30/05/88 27/06/88 28 8,51 - 632,31 28,11
MI.-5C6 30/05/88 27/06/88 28 8,53 - 647,51 28,78
Impact phase of test on Column 5C
Wi th this impact test it was tried t~o introduce an impact load to
the column which would force a column impact failure. The impact
loading peaked at a value of 175,64kN and the column fai led in
shear. The diagonal cracks present formed angles of 66· and
40,6 0 with the vertical axis of the column. The column failed
along the 40,6 0 diagonal crack. The undamaged column tested
statically (Column .5A) failed in flexure with a maximum
horizontal load of 117,5kN, but the concrete of that column had a
higher compressive st,rengt,h than this one did. Although this
column was of a lower strength, its impact res~stance was nearly
50% (49,5%) higher than the static resistance of Column 5A and,
additionally, this c:olumn failed in shear compared to the static
flexural failures of Columns 5A and 5B.
Only a small horizontal crack right at the batt,om of the column
was visible after t.he impact failure of the column.
Unfortunat,e ly the bot.t.om st,rai n gauge was damaged during the
impact t,est, as can be see~n by a c:udden rise to a t.PDsion strain
of 0,002mrn/mm in figure B. f,99. This rlamage to the strain gauge
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gave an indication of the time when the shear crack had reached
the rear face of the column. This showed that the crack reached
the rear face of the column just after the peak of the impact
loading was registered. Looking at the graph of the middle
strain gauge (figure B. 597) one can see that the tension peaks
corresponded closel.! with the peaks of the impact load. This
shows that after the failure of the column the column was unable
to let the striker rebound and thus the striker caught up with
the column at these points and gave the column further smaller
impact loads. This further smaller impact loads resulted in the
tension peaks on the rear side of the column.
The axial load first dropped slightly before it started to
lncrease. After the impact loading, the axial load dropped to
7.ero which indicated that the column failed completely.
After the impact test, no static test could be done because the
column failed completely in shear during the impact phase of the
column.
l<'igures B.84 and B.95 show the visi ole crack pattern on both
sides of the column after the impact t.est. Figures B.593 to
Ho61S show graphirally the recorded test data.

















TABLE B.2?: Details of concrete cubes from column OJ>.
NUMBER CASTING DATE AGE MASS SLPIT FORCE ~TRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-6Al 15/06/88 22/06/88 7 8,42 121,3 651, 44 28,95
ML-6A2 15/06/88 22/06/88 7 8,43 - 654,76 29, 10
ML-6A3 15/06/88 22/06/88 7 8,46 111,5 639,04 28,40
ML-6A4 15/06/88 22/06/88 7 8,38 - 665,25 29,57
ML-6A5 15/06/88 13/07/88 28 8,46 - 836,38 37,17
ML-6A6 15/06/88 13/07/88 28 8,46 - 878,19 39,03
Static test Qn Column 6A
Wi th this series Qf cQlumns the influence Qf the axial load was
investigated. With this series, the initial axial lQad on the
column was 20kN (in other words 10 kN / sway frame) compared to
the 100kN of the Qther tests.
The column was step loaded with a static horizont~al load in steps
of 10 kN. With a 30 kN horizQntal IQad (mQment Qf ?2.2 kNm) the
first horizQntal cracks develQped at the bottom of the cnlumn as
well as 60 mm above the bQttom of the column. With a 40kN
hQrizontal load a further crack started 170 mm above the hottom.
Wi th a 70 kN hQrizQntal load two mQre cra.cks started 220 mm and
480 mm abQve the bot~tQm of the column. The last three cracks
develQped into diagonal
angles of 26 0 , 46,6 0 and
axis of the column.
cracks. The diagonal cracks fQrmed
59,7 0 • respectively, with the vertical
With a 90 kN horizontal load the first diagQnal crack reached the
rear face of the column. Above this horizontal load the top
deflection of the column started to increase dramatically while
the horizontal load showed only a slight increase. An ultimate
load of 110,219 kN (corresponding with a bending moment of 81,6
kNm) was finally reached. Typical to a flexural failure the
cracks closed as soon as the horizont~l load subsided to zero
alt,hough there was a permttrwnt. deflect.ion present. Wi th the
stat.ie tests where the f1.xial l,jad w>:\s a 100 kN, the maximum
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st;atic horizontal load was in the region of t16 kN r.:ompared to
the slightly lower static load of 110 kN of this test where the
axial load was only 20 kN. In otber wQrds the higher axial load
increased the ultimate static load with about. 5 to 6%.
Again the a.xial load started to drop as soon as a horizontal
force was appl ied to the eoluron, before it suddenly started to
increase as the horizontal force increased further. As
previously mentioned, the first horizontal crack was visible with
a 30 kN horizontal load. On the graph of the axial loads (figure
R. 619) it can be seen that the axial load !.itarted to increase
just before the 30 kN horizontal load. Thus the graph
corresponded with the crack development of the column. :": £"~l 8.
90 kN horizontal load, the column started to fai 1 in flexure.
This is also clearly visible on the graph of the axial loads,
because the axial loads increased considerably at that stage.
This considerable inc:rease can be explained by the increasing
crack widths resulting in 8 lengthening of the column and thus a
higher axial load. The ult.imate axial load was nearly 18 kN per
load cell higher than the original load, this is an increase of
180%. The 18 kN increase corresponded with the increase of
about 15 kN per load cell of that of Column SA.
With this test only the bottom strain gauge was measured as the
middle strain gauge did not show any significant changes in the
previous st,aLic tests. The graph of the st,rain at the rear
bottom of the column was a very good indication of the failure
mechanism of t,he column. Unlike t.he case of Column 5A it can be
seen that the flexural mechanism was always the dominant failure
mechanism in this static test of Column 6A and thus the strain
increased all the time until the flexural failure.
At a top deflection of about 15 rom the (,olumn started to fai 1.
At a top deflection of 48 rom the column reach an ultimate static
horizontal load of 110,219 kN. These deflect.ions compared




rll.her siri.,' of the column.
of CCl1 IHflr: t':)!\ ~:nen from t.r}f~
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}i'igures B.96 and B.97 show the crack patt.ern after t',e static
t,est. Figures B.617 't.o B.620 f~how graphically the recorded test
dat,a.
B.8 26 ColYmn 6B. (figures B.98 to B.101)
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm




TABLE B.28: Details of concrete cubes from column 68
NUMBER CASTING DATE AGE HASS SPLIT FORCE ~TRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MFa)
I
ML-6B1 20/06/88 27/06/88 7 8,46 97,3 632,9C 28,13
ML-6B2 20/06/88 27/06/88 7 8,44 - 622,2~ 27,65
ML-6B3 20/06/88 27/06/88 7 8,38 100,6 627, or; 27,87
ML-6B4 20/06/88 27/06/88 7 8,38 - 636,14 28,28
ML-6B5 20/06/88 18/07/88 28 8,43 - 869,OC 38,62
ML-6B6 20/06/88 18/07/88 28 8,45 - 864, Hl 38,41
Impact phase of test on Column 68
With this impact test there were no axial loads present due to IS
small problem during the -test. With this impact test it was
tried to introduce an impact load to the Golumn which was more or
less in the same region as the stat.ic fai lure load of the
undamaged Column 6A. The impact loading applied to the column
peaked at a load of 147,7286 kN. This was the very short first
peak of the impact. load function and can thus be ignored. The
second longer duration peak, peaked at a value of 108,77 kN.
This was very elo;:;e to the st.atic failure load of Column 6A














:;LaLj •. , t.I';;!
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During the impact loading a horizont,al r:rnek and three major
diagonal cracks developed. The horizonLal crftck WhS right at the
bott,om of the oolumn. The t.hree major' diagonal cracks formed
angles of 37,3° a.nd 45,8 9 and 62,8 9 with the Vf'~rtical axis of the
columll. This crack pattern was very simi lar to that of Column
6A. Once again, as wi th the series one tests where flexural
failure occurred under static conditions the cracks closed after
the impact loading and the damage did not look very serious.
The axial load increased immediately after the impact loadinfZ
started. The axial load of each load cell peaked at a value of
nearly 53 kN and reach a second peak of nearly the same magnitude
as the first peak but the second peak occurred just after the
impact load subsided.
The third small petJ< of the impact. load history indicat.ed the
rebound point of the impact. ing lUass. In ot.her words, at that
st.age the culumn "impact.pd" with the st.riker to let it rebound.
St~at.ic phase of t.est on Column 6B
Aft.er the irnpacttest, a !;tatie test WF1S dlJn r;1 on thf'? column to
determi ne the reserve strengt.h of the col umn. The co] umn was
step loaded with a st.at.ic horizontal load in st.eps of 10 kN.
During the static test the hori zont.al cracks soon increased in
width, although they were slow to increase in length. The major
diagonal cracb; developed slowly and it never looked as if the
column would fail in shear. The diagonal cracks angles of 37,3°;
45,8 0 and 62,8 0 corresponded wi th the stat. ic test, of Column 6A.
The column faj led at. a static horizontal load of 113,9f, kN. This
corresponds wi th a bending moment of 84,3 kNm at the bottom of
the colurr:n. This stat.ic failure load was a lit.t.le higher than
that of Culumn SA. This higher value was due to a higher
concrete compress i on strength t.han t~hat. of Co lumn SA.
The axial load immed i [\t.f~ly :.;Lttr-t.ed to lncrease as SClon as the
h()rizont.al load was applied to th,.e, (·(llumn. This was due to the
exist.ing crack:; in t.he (·onl'r-.'1.t; whi,;h immediat.ely increhsed in
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width a.s the f.~t,atie borizont,al luad was ltpplil'!d to t.ht~ (""o]ultln.
The widening of the cracks lengt~wned the (:o}lJwn, resl:lt.ing in
the inoreased t-h(1 axial load.
The damaged Column 6B f.:1~arted to fai 1 at a top deflection of
around 35 mm ""hi Ie the undamaged Column 6A started to fai 1 at a
top deflect.j 0.~ of about. 15 mm. Column 6B fai led completely at a
top deflection of 52 mm, while Coluum 6A failed completely at a
~op deflection of 48mm.
Figures B. 98 anci B. 99 show UP: vis i b I e crack pattern on both
sides of the C'o}IHIln aft~er the j mpact tCf;t•. }<'igures B.I00 and
R.I0l show the r:rF1ck pE1.tt~ern f1.fter the f..tatic test.
R.621 1.0 B. 648 show graph i call y i,he rp(:orded tl'":f.;t data.
B. 8.27 Column 6C. (figures B. 102 to n. lOt"
ReinforUPffiPnt: Main: 2-Y16 + 2 YI6 (1,53 %)
Si:irrups: 14-Rii@1~,O
Figures
Concret.e cove r : 23 IClrrJ
Concrett~: mIX: WFt t.r~ r- 27, 5 kg
CfeITIPnl. ~J~J ~ 0 kg
Stmd 1 14. SR kg




























TABLE B.29: Details of concrete cubes from column 6C
NUMBER CASTING DATE AGE MASS SPLIT FORCE ~TRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-6Cl 22/06/88 29/06/88 7 8,34 124,4 695,3f 30,90
ML-6C2 22/06/88 29/06/88 7 8,44 - 659,26 29,30
ML-6C3 22/06/88 29/06/88 7 8,42 118,4 629,09 27,96
ML-6C4 22/06/88 29/06/88 7 8,41 - 669,52 29,76
ML-6C5 22/06/88 20/07/88 28 8, ~j8 - 933,69 41.50
ML-6C6 22/06/88 €.-0/07/88 28 8,48 - 902,53 40,11
Impact phase of test on Column Be
With this impact; test. it was -Lried to introduce an impact load to
t,he column which was {{reater than t.he static: fai lure load of t,he
static test, of Column 6A, blJt just, lower than the expect.ed impact
failure load for this sE.ries of columns. Once again the axial
peaked at a load of 157,124 kN.
load was only 20 kN. The impact loading applied to the ~olumn
This was considerably higher
(42,6% higher) than the st,at,ic failure load of 110,219 kN of
Column 6A.
During the impaet..; two hor i zontal crackf; and two d i agona] ,:racks
developp.d. One of f.he horizontal ("'racks was right at, the bott.orn
(If t,be (:0 I umn wh i lethe ot·her one st.art,ed 80 mm above the bottom.
The two major d i agona] cracks formed angle!-,; of 49, f.,o and f16, 7 0
with the vertical axis of the column. The crack pat.tern of
Column 6C WElS very simi lar t.o that, of Columns 6A and 6B. Similar
to the serIes one tests, the cracks closed after the impact and
r.he damage ,;.irJ not look very serious.
The axial load increased immediately when t~hp impEwt. loading was
applied. Once again, as with of Column 6B, -Lhere was a very high
second peak present In the recorded axial load hist.cJry. The
first, peak reached a value of 66 kN (ppr load cell), which was !",6
kN (or 560%) higher than the original value. This 5R kN compared
with the 53 kN of Column 68 which had no (,riginal c.xial load.
This indicatpd th;tt. th~~ magn i tll<l.-· uf Uie 'lrigirwl appl ied axi al
load had very lit~t.le infhlfo'iWfer! ClI, th.- i!j(TPflSe in t.he axial load
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on the oolurnn during the horizontal impact loading of the
c-1llumn. This suggested that the incretwe of the axial load was
directly proportiona.l to the length irlcrease in the column and
thus to the cracking of the column.
Static phase of test on Colymn 6C
After the impact t.est, a ~tatic test was done on f.-he column to
determine the reserve strength of the column. The column was
st.ep loaded with a sta1~ic horizontal load in steps of 10 kN. The
two major diagonal cracks developed slowly tind it never looked as
if the column would fail in shear. A third diagonal crack
developed and formed an angle of 32,5 9 with the vertica.l axis of
the column. The diagonal ~racks angles of 32,5 0 and 49,5' and
56,7° corresponded with that of the static test of Column 6A and
of Column 6B.
The column fai led at a static horizontal load of 116,015 kN.
This corresponds with a flexural moment. of 85,85 kNm at the
bot·tom of the (~olumn. This static failure load was a little
higher than that of Columns 6A and 6B, but this could be
contribtrted to the lit.tIe higher (:ompressive strength of the
concrete. This confirmed the results of the previous tests, that
is, that after an impact loading was applied to a flexural
failure type of column (under static loading) the static reserve
strength of the ~olumn would be the same if not higher than the
stat. i c f.;t.rengt.h of an undamaged col umn I ike Column 6A.
The axial lcmd st.arted t.o increase as soon as the horizontal load
was applied. This was once again due to the existing cracks
which irnrnediatley f~t.art.ed to increase in widt.h. The axial load
increased from 10 kN to nearly 25 kN per load cell.
The damaged col nrnn 6C starLed to fai 1 at a top deflection of
around 35 mm whi lp the undamaged column 3A st.art.ed to fail at a
top deflect.ion of about. 15 mm. This column and Column 6B failed
complet.ely at. deflec-Lions of ,<",3 mm and 52 rom, respect.ively, while
Column SA fai led (~omplet.ely a-L it deflect.ion of 48 mm.
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Ji'igures B.102 and B.I03 show the vif.dble (Jrar.:k pM,t.ern on bot.h
sides of the column after the impact test. J<'igl..~res B.104 and
B.105 show the crack pattern after the f;tatic test. Jo'igureB
B.649 t.o B.676 show grapbic:ally the recorded tJest data.
B. 8. 28 Column 6D. (figures B.I06 t~o B.I07)
Reinforcement: Main: 2-Y18 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150









TABLE n.30: Detail::; of concrete cubes from column 6D
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-6Dl 24/06/88 01/07/88 7 8,47 118,6 627,10 27,87
ML-SD2 24/06/88 01/07/88 7 8,47 - 675,21 30,01
ML-6D3 24/06/88 01/07/88 7 8,38 118,6 681, 39 30,28
ML-6D4 24/06/88 01/07/88 7 8,50 - 670,39 29,80
ML-6D5 24/06/88 22/07/88 28 8,45 - 970,52 43, 13
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ImpAct pbase of test 90 Colump 6D
With this impact test it waf; tried to iralc·(_.dw::e an impaot load
large enough to force an impact fai lure of the oolumn. Once
again the total axial load was only 20 kN compared to the 100 kN
of the other tests. The impact load history peaked at a value of
224,6487 kN and the column fai led in shear. There was only one
major diagonal crack. The column failed in shear along this
orack. This crack formed an angle of about 45 to 46· with the
vertical axis of ~he column. The undamaged column test.ed
stat.ically (Column 6A) fai led HI flexure wi th a maximum f.;tat:ic
horizontal load of 110 kN. This column's impact resisUmr.:e was
nearly double that of the folta·tic resistance of Column 6A and,
additionally, this column failed in shear compared to the
flexural failure of the statically tested Column 6A.
Only a small horizont.al crack right at th.~ bottom of t.he column
was visible after the impact failure of the ~olumn.
Unfortunat.e ly both the strain gau~!es broke hefore the fIll1X imllfrJ
impact load was rt<·r1; ~;tered and thus no fl.lrt.her read illgs werl~
available form these strain gauges.
The axial load graphs showed no small init.iol drop. It looked as
if th is small in i t i a 1 drop on ly oc(~urred when the in i tial axial
load was high. This small fall in the axial indicated that the
column actually "short.ened" s light.ly before the fi rc;t: crack
occured, that i:; if the init.inl axial load was high eno1Jgh.
Aft.8r the impact, t.hl? axial load dropped to zero which indicat.ed
i.hat. t.he column failed completely. Again t.he axial le,ad of ectGh
load cell peaked at a maximum value of 47 kN. or ~n other wrds,
it was 37 kN higher than the init.ial lo~d per load (:e11. This
lower value compared t.o t.he previous t.wo test.s ir. t.bis series was
Ascribed to the different failure mechanism of this column.
Aft.n~. the j mpact. test., no st.at. i'~ tes t cou Id be done beCi1use t.he




¥igures H.106 and H.lD7 show the visible crack pattern and
failure mechanism from both sides of the column after the impact
test. Figures B.677 to B.700 show graphically the recorded test
data.
B.8.29 Column 7A. (figures B.108 to B.I09)





Concrete mix: Water 28, 14 kg
Cement. 71, 77 kg
Sand 108,50 kg
Stone 162,70 kg
TABLE B. 31: Details of concrete cubes from column 7A
NUMBER CASTING DATE AGE MASS SLPIT FORCE STRENGTH
DATE TESTED nAYS (kg) (kN) (kN) (MPa)
ML-7Al 27/06/88 04/07/88 7 8,50 156,1 925,46 41,13
ML-7A2 27/06/88 04/07/88 7 8,39 - 935,64 41,58
ML-7A3 27/06/88 04/07/88 7 8,54 131, 1 936,54 41,62
ML-7A4 27/06/38 04/07/88 7 8,54 - 938,50 41, 71
ML-7A5 27/06/88 25/07/88 28 8,50 - 1295,87 57,59
ML-7A6 27/06/88 25/07/88 28 8,49 - 1277,18 56,76
Static test on Column 7A
With this series of columns the influence 01 a concrete with a
higher compreSSIve strengt~h t.han







column was again lOOkN (in other words 50 kN ! ~way frame) as in















'('b8 oolumn wa.s GtEJP loaned with a ,:thLj.· hori:,;'.nt,al }c.ad in :3t.r~pf;
of 10 kN. With a 50 kN borizont.1'tl lond (moment. of 37 kNm) the
first horizontal ernekf; st.E1rt.ed to develup at the bo'tt.om of thr.-
column. Two further cracks also st.art.ed higher up on the column
(120mm and 280mm frr;nfl the bott;om respect.ively). With a 70 kN
horizonta.l load one more crank start,ed 4~10 mm above t.he bottom of
the column. The last t.hree cracks 'ioon developf'~d into diagonal
cracks, The diagonal cracks formed anglt:.~s of 37.9°, 51,3° and
'/1,1 0 with t,he vertical axis of t.he C'olumn.
The ult·imat.e f;t.at.l,: hori:?oonl.hl lOl'\d r·euehr.::rl by this ,.,oll.Hnn was
J26,22 kN (a hending moment: of 93,4 kNm at the bot.t.om of the
column). This WFl,; only relv,hed Eifter a ,;orJniderable dpf","'etion
whi ..h st..'1rt.pr) at fI Ilorizontal load of 110 kN. The crackr; closed
as soon as t.he hc,r i zont.a 1 f()rce subs idpd to zpro a1 t.hnugh their
was permanent: deflec·t,j"m pr'F::;enl. During pr,~v)rJl.1S t.pst.s wit.h the
1ower ;;t,U....ll{~th roncreb:? of the l'eferer,,:e group 3, the rtiaximum
hori:;:,Jtd.a~ lnnds wpre int.lJe region of 116 to 117 l~N ..nmpared to
r.he f~l ight.ly higher load of 126 kN of Colurn;-l 7A. In other words,
t.he higher compr,,.~;;;iv.~ ;;t.rr·nCt.h coneret.e inCrE!Bs€'ci the t.l1-.imat.e
load wi t.h F\ bOIl·1. n t (J !1'f;..
Again t-.h.· axial lo~d st,art;ed t.o de('reaSf_' a~,; soon as the
horizonta1 10ad W}if; applied to the column hefore it suddFmly
:d.arted t-... , inCt'f'a,:p FlS t.hp horizontal ]oB,i increFlseo further. As
prevlnusly lfIpnt inned, 1.hE' first. h ... rizont,al crack was visible with
a 50 kN hnri?:(,nt·..'1] 1"fld , The graphs .)f the ftxial loads (figure
H. '!Cl:i) ;~huw('d t.h~lt Lhp Fl.xi Fl.l lOFl.d st,art.pd t.o increase just. before
t.he .', () kN b "t i ,,~ont.n 1 1o('\d. Thus +.he graph corresponded very we]l
with t.he er'ack develn,mw'!nt nf ~he r·nlurnn. Wit. Fl 110 kN
hnrizont.nJ l'll:d, t.hr~ '-·'.}unln ,~t.Fl.rt.,-:·d t_e- fAi] in flpXllre. This was
.'11~.;n r:~lpHrly vl,-;iblp nn t.hp [1,r;l['h "f f.hp .e,xlEll 1 .... '1.1:'"':. because '!:.he
hxial lO[Il'!;-; 'in('r",[~~;pd (·,'n;:,;id'·ri'1 hly :"t. th,3T ~;tFige. Tbi~
(·'-Jn~;irlerl1blf.:" HJf'r-t'FI~,f' (",tl1.1 he ('Xf'I:'lin,':l h:,' j-h"" i~Jl~'reF;sing r.r('\ck
wldt.h~; r·f"'~3,.1t.ing HI ;'1 ]'·n/?·th.·t,inC ,·f ·.lll' ,··.l'Wlf' . .11'1 th'-J~; ~ higher
.'lX!h] ]llf1Cl.. Th., l!lti;n;d.· "1>:\ .. 11 ]",cl '.'''-1. [J";-1l1y :':-' kN highpr Ul::ln
Lh •. 'leigi:lal In,'\,!. thi~, W'll; :ltI 11,"1',<;,;" (If ;;:~"'11i 44%,
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With this test only the batt-,om Htr-uin gauge w~s mectSurerl ~. tr-~ ...
middle strftin gauge did not show any signifioant changes in the
previous nt,at·ic 1~ests. The graph of the st,rftin at the l"'o'ar
bot,tom of the oolumn was a very good indicat.ion of the failing
mechanism of the column. Unlike the case of Column 5A it can be
seen that the flexural mechanism was always the dominant failing
thus the f.;t.rain keptmechanism in this test (Column 7A) and
increasing until the flexural failure of
similar to the behaviour of Column 6A.
the column. This was
At a top deflection of about 20 mm the c,-,lumn stttrted to fai 1.
At. a deflection of 63 mm the column reach an ultim8te static load
of 1.26,22 kN.
¥igures B.l08 and B.l09 show the crack pattern after the static
t.est.
data.
Figures B.701. t,o B.704 f.;ho.... grapbir'ally the recorded test
B. 8. 3 0 Co 1u mn 7 B. ( fi gil r p s B. 1. 10 to R. 1 13 )
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %,
Stirrups: 14-·R8@1~IO
Concrete cover: 23 mm
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TABLE n,~1~'~: Drc: L(\ j I·, Il!' "IJfll;!"f:Lf-, vubf':; f ('(Jrll "0 J Ilwn 7BoJ
NUMBER ChSTING DATb: Ar.E MASS ?F'LIT FORCE STRENGTH
DA'I'I~ TV-STEI> nAY~'; (ke) (kN) (kN) (MPf1)
ML -·7Bl 29/06/88 06/07/88 7 8, ~D 1 12~J, 4 8!:J3,33 37,93
ML 7B2 29/06/88 0t.'i/07/88 7 8,47 860,99 38,27
t-H.· 7B3 29/06/88 06/07/88 '7 8,46 .0"''' r') 8~,O, 31 ?7,79, ! .! ~ rJ ....1
MI. 784 29/0()/::"H3 06/07/88 7 8, !'d 842,79 37,46
ML 7Bb 29/0Fi/88 ~~7 /07 188 ~~8 8,bO - 1200,04 53,34
ML. '1RC :~U /Cf3 /88 ~~7/07/88 ~f) OJ ~I!") 1100,21 fd , fd3
IIIiPW·t phase (If t..:::t, on C{J}lunn 7}'.
Wi t.h th i s
I [(If 'h(' t. t 1":':1 i t ,,;_\ ~;
, 1 I II II r , WtI j , ,jl W;'1:-; Iilnt','
"
'j , 1I 1 r', 1, "1<1 I ,1' 1, I J , •
ilJ1.,rndur·("- ;'11) impar·t, lO:-id to the
I t I f ~ V t· t'" ~/ ~ ~ ll' I r t l' i 1':; t
\/ ;"ll lll' (I r 1:-{ ': I • " L I"
1";1' ! \ I C ~' r 11 1fl It} , . ',I'L," .
, " I 11 I Inti
, . r' I" k
':f'r 111\1:'
r:;·) wi i h \,' t ' ,




1;': 1 :; nf "Il 11 JmrJ .
the
~~~" \:-:1··\1 Itl;ll! ::lJ:I"":f-°\1 :1 '[[1,'11 I ,ft' !'t';·t:~·· ~·;;-·f"rt~ ~~ JIJ ·!·"_· ..·.,,:~f .. i!_
j r . r)I' ;\
Th i~;
big
I r: " t </ r 1< I' .j j L I!
i r I. 1 >:. ~ I
f- • f r ~. ~_ r! f"
t 1 If! 'I 'I i t (jl 1.' : J' i" l'
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cell peaked ~lt a value of f"-:i.lcl:i 8:"-l kN.
r-eglon of 33 kN higher (per' ]/)f"Hl .~.d 1) UJ1.1fJ I.h.· init.ial ll)ad~].
Static phase of test on Colywn 7B
det.ermine the reserve f~t..rength of the eolulfIll. The column wa~,
step loaded with a s"ta1J ic horizontal load HI ~jtpPfj (:.f 10 kN.
])uring the static test the borizontal cracks soon increased HI
width. Trle diagonal cracks developed r;lowly and it nev""r- look('-d
AS if the column might fail in she~r.
of 36,7°; f,3,4° and 68,2° (~()fTe~3I-)(H1d.~d w;th that of UH~ :·;t.t~tir·
test of Column 7A.
The column failed i1t a ~d.Ett.iL" hllri~'mt.al load of 124,9721 kN.
This corresponds v/i HI a Lend ing moment of 92,5 kNm at. the bot.t.(JfII
This ~;tatic fai lun: load waf; a ) it.t.l.,. }CJw(-r than
that of Column 7A. This lower vrllue can be ('ontributed r.o tb.,:,
1 i t.tle lower C"oncret.E' eompressiofJ st.rengt.h '.If th i ~-; column
compared t,o t,haL (If Column 7/'•.
hori:.-:ont.al load "1[1~ flpplit·d I.C) t.hf: c(.lumn.
from the impA.ct. t. •.:,~;t: on th," c·"lumn.
widt.h I'l~; the ~tat.ic load waf; I1pplit"d.
~1 X i all u ad .
Thf~ darw:'lg",d ('o]urnn 78 ~~tart...~d to fail ::'it it top deflp(,·t.l n rl (Jf
r11~,)und ~6 mm while t.he \Jndarnr1gt~rl ('olumn 7A st.art.pd to fail at a
t.(IP def] f~ct,i on of ab0ut. 20 mm. Thj~; (·.-.llunn fnilpd (·omplet.ely at
deflecLi()ns of P'J7 mm, whi}p CCI];Ufln 7A fl11 ]pd ("ump] :-1.f-·1:/ at ':1
deflect.ion (If ~ ..Q "~ wm.
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H. 8 . 3 1 C() 1u mn 7C. (f i g u r f') [; B, 114 t. () B. 11'7 )
Reinforoement: Main: 2-Y16 4 2-Y16 (1,53 Yl
Sticrl..lps: 14-R8@150
23 mrn





TABLE B.33: DetEd 1s of f:onoret.e f:ubes from f::J 1\..Imn 7C
NUMBER CASTING DATE AGE I MASS SPLIT FORCE STRENGTH
D/ITE TESTED DAYS I (kg) (kN) (kN) (MPs)
ML 7C1 01/07/88 08/07/88 7 8, fl2 117,0 835,31 37,12
ML 7C2 01/07/88 08/07/88 7 8,58 841, 42 37,40
ML-7C3 01/07/88 08/07/88 7 8,51 143,6 845,56 37,58
ML 7C4 01/07/88 08/07/88 7 8,48 - 839,28 37,30
ML 7C5 01/07/88 29/07/88 28 R,48 -- 1222,66 54,34
ML·-7C6 01/07/88 ~~9/07/88 28 8,51 1196,26 53,17
Jmpac1: phRG8 of test. nn Co 1limn 7e
Wi -th t.h .is i mpact t-e~jt. the (;flncre1,e compre~s i va streLgth was again
highpr than ~he reference group, tel investigate the influence of
t.he hi ghpr (;oncn-t(~ st.rengt,h on t.he t.est.. With this impact test
1t. was tried t.(I intrndllce An impact. Ivad t.(l the {'ol'Hlm '",hieh was
~r(·(1t.f-,r' t.hem U-I'~ ~;t.at.j(' fi1111lre load of t.he st.a-tic: t.est of Column
'/fI., ('\.tt j11St lowpr Lhftn i,he pxpect,ed irnpa~t failure load of this
('(11 umn. ThR rtX1t-t1 IflMd WMS also t,he standard lOG kN or flO kN per
lORd cell. Th f' i mpRct, load i ng in t.roduced t {J th e co 1 umn peaked at.
a load of 167,012 kN, This was eonsiderahly higher (32,3%
bjghcr) t:han thfC.' stat.ic failure load •. f 1?h,22 kN of ~()lumn 7A.
I>llr i ng the impact. a hor i :o;(mtR 1 cri1ck "1:1' i two diagonal c:racks
":'"h is cTa{'k patt.ern was
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very simi lnr to
craok whieh did
wi th the f~er i es
the static tests,
B. 145
that of C(,)t,HlInfJ '1A alld iB, "x"f1Id for- ;'1
not duvnlop with this f·,;}llmrJ A':J wf:l.~] the
one ·Lest.G, where fl.'xUPtl f;jj lurp (Ir.:(:urr·ed
1Jhe bending crfH:kf; r:lofH.:d aftr~r' th." impfl(·1.
til i nj
with
The axial load showed a small dperPfts~ before it incr~ased
i mmed iat.e ly with the impact load i ng of th.'- f·.,] umn. Th is flga i n
confirmed the theory that if thf:: ini1.ial axial load was laT"g~
enough, there will be a slight drop in the axial load immcdihtely
after the impact., jUfJt before tilt": deve] opment. of (~ra(.:ks fOf'!·i'.:d
the flxial load to inr:r-eat;e. Tiil: first. peak I)f thr: llxial load
history reached a value of about. ~JO kN (pf'~r load r:t::llj, ......hi(:h WftS
40 kN (or an FlO% increaf;e) higher thEm the original vallw. This
40 kN compared very good with the 33 kN of Cr,lllwn 7B This
indicated tbat the inc:rease tbF." ttxiul load was dir..,·tly
proport,ional t.o t.hF: lengt,n increase of t.ht:, co' :.nn du.-· t.U ,,·r?.::kin€
of t,be column, The higher t.he huri:<:optal llIl[Jhct. ]c'f1d, t.h(~ larg~'r
t.he cracks, and t.hu~j t,he higher t.he i rw rp8r:'" in HI" a;d 1'11 1 I lad
Static pbctSO of t.,_.~~t. un Column '7C
After t.he irnpl1(~t. Lef.3t.. (:I. ~;ti11.i.· l.t:f;f:. '011::1:: elflnf;' 1m the ('ulllmn to
determine then""~;f~r'vf' !;t.rengt.b c)f th'3 (~c.dulun. 'I'lI.,- ('()]llfnn ......a:;
step loaded with a :;ta1.ir: hori2'Jnt.nl ]')a.d in !;f,,'p:; elf 10 kN.
}luri. ng the ~:t.Elt. i c test th,· hor i :.-;('rl1 ..<\ 1 (,rack:; ~,oo)n i rlc'r p E1:;ed HI
widt:h a1 t,hough they Wt~n' ~';l ow t.n i rwrf>~~Sf' 1n 1f'n~t h. Th.=- two
major diagonal fTW'k:3 ,jpve)f,pf'd slowly l'c,ncl it nt-'v/-'r }f,(,k ...rl a~3 if
thp c(llurnn might. fail in :dWf'r'. Th.· diPtt[r'rJ'11 CT;1""k~~ c:nglef.3 of
~'l9, 1 0 and tiS,8° f·nrre:..3p"nd,
Coll.lmn!C; 7A rltJd 'lB.
Stellenbosch University http://scholar.sun.ac.za
COL1(


























Tb,,, column fai led at a r:U2t,ic horh:ont,aI loa.d of 123,3914 klL
This corresponds with a flexural fIIoment. of 91,31 kNm at th.e
bottom of the eol umn. Tb is r.;tati c fai lur'l;: 10~ld W1:*f" ali t.tle
lower ·than that of Columns 7A and 7B, blJt this could be
contributed to a little lower compressive strength of the
concrete.
The axial load started to increase as soon as the horizontal load
was f1ppll ed. This was oooe again dur.I to the width increase of
the existing crac:ks (cracks that developed during the impact
Lest). The axial load increased (['om 50 kN to t,early 67 kN per
load cell. This meant, an increase of 17 kN per load cell.
As was found wi th thA f:t.rain of Column 7A and Column 78, the
strain measured at. t.he rear bottom of t.he col\1mn kept increasirlg
during the st.atic t.est.. This indicat,eti that no cracks I'eached
~he back of t.he column, like in the shear failures of the number
two series columns.
The damaged Column 7C f.;tarted to fail at a top deflection ()f
around 30 mm, while t.he undamaged Column 7A Htarted tn fail ftt;, 8-
t,op deflect.ion (If al)(lljt~ 20 mm. This eo]umn and C01umn 1B fui led
completely at; defleelions of ti8 mm nnd 57 mill, respectively, while
Column 7A fai led completely at. a deflect.ion of 63 mm.
Figures B.114 :nd B.ll~1 show the visible crack patt.ern on both
f';ides of t.he r;i1111mtJ Ftftt'::r the impact t.est. fc'igures B.116 and
H.117 show t.h,,; crftc': paT.t.ern aft.er the st.at.ie test. Yigures
B.73~ to B.760 show graphically the recorded test data.
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H. 8. 32 CQ11Jwn.2lL (figurer.; B, t 18 t,I' R,] 19)
keinforcement: Main: 2-Y16 • 2-Y16 (},53 %)
St i r rups : 14 - R8@1 flO
Concrete cover: 23 mm
ConcreV=· mix: Water 28.14 kg
Cement 71, 77 kg
Sand 108, flO kg
Stone 162,70 kg
TABLE: B, 34: Details of concrete cubes from column 7D
NUMBE:R CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-7D1 04/07/88 11/07/88 7 8,46 121, 3 825.94 36,71
t.1L'-7D2 04/07/88 11/07/88 7 8,54 - 830.31 36.90
ML-7D3 04/07/88 11/07/88 7 8,47 104,2 820.17 36,45
ML-7D4 04/07/88 11/07/88 7 8.44 - 822.23 36,54
ML-7D5 04/07/88 01/08/88 28 8.49 - 1128,82 50,17
ML-7D6 04/07/88 01/08/88 28 8,58 -- 1099,29 48,86
Jmnact phase of test on Column 7D
With this impact. t.Ast the compressive ::::trength of the concret-.e
was 8gain higher than the reference test (group 3), to
investigate the influence of the higher concrete strength on the
Lest'" Wi t.h t.h is impact t.est it. was t.ried to introduce an impact
lQad to the column which would force column to fail under the
impact loading. The axial load was the normal 100 kN. The
impaCT. load peaked at a value of 229,7711 kN and the column
failed in shear. There were two diagonal cracks visible and they
formAd angl es of ~57, 8 I) and 40, h I) with the vertical axis of the
column, There was also one small horizontal crack visible at the
bot.tom of the co 1umn.
d i ag'ma 1 I~rack. The
The column failed in shear along the 40,5'
undamFtged ('olumn T.est.ed f:t.at.ically (Co]umn
7A) failed in flexure with a maximum horizont.al load of 126,22
kN _ Th is co 1umn" s j mpa0t. t'PS i f..~Tanc,,"· was 82~~ higher t.han that of
t.he ST..;itic resist.anc'>e of r(,}urnn 7A.
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Figure n. 1 19: F'8 i Jure ar;d
er8.ck pat-.i".ern of Col urnn 7D
seen from T.he
t~bf::> eo 11 tlnn.
r~.118: F-~1 ] 11 r·:
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Again there was a slight drop in the axial load before it started
to increase with the impaet loading of the column. After the
impact, the axial load dropped to zero which indieat,ed that the
column failed completely. Again the axial load of each load cell
peaked aT, a maximum value of about 76 kN or in other words, it
was 26 kN rligher tharJ the initial load p f3r !c)ad c:ell. This was
lower than th~ previous two tests in this series but it could be
contributed to a the different failure mechanism of the column.
After the initial peaks of the impact load flJnction, some further
peaks were pref;ent. This peaks showed that ,,fter t,he fai lure of
t,he column, the (~oh..lmn was unable t.o let ".he striker rebound and
thus the striker caught, up wi th the column at t.bese point,s and
gave the column furt,her small impact loads.
Aft,er the impact t.est, no f.;tai. i c test could be done because the




H.118 and H.119 show the visible crack pattern and
from both s idef3 of t:.he column after the impact test.
Vigures B.761 to 8.784 show graphically the recorded test data.
B. 8. 33 Column 8A. (figures B. 120 to B. 121)
Reinforcement: Main: 2 Y16 i 2 Yl6 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm



























" ~~.... " .-- .......... ., Vee)
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'1'/\f\[.(4; f\, ~i ~ I : Dld,a i l:j , ,f ';llrlcc,t:Lu I ,'Ill" ': , f r'}1II C> ,1 UlIlrl UA
NUMBlm Ct\STTNG DATE AGE I>1AS::; SLT'TT FORrE STRENGTH
DATE TESTl·;n IMY::~ (kg) (kN) (kN) (MPH)
ML RA1 06/07/88 13/07/88 7 '0 .rc.l3, 7 3fJ8.3:. 15,93
ML--BA2 06/07/88 13/07/88 '7 , r. ~1S4. 46 16,20
ML-BA3 06/07/88 13/07/88 7 8,48 6~.:l, 6 370.98 16,49
ML-8A4 06/07/88 13/07/88 7 8,46 369,30 16,41
ML-BA5 06/07/88 03/08/88 28 8.50 544,70 24.21
MI.-BAB 06/07/88 03/08/88 28 8. f,O .533,45 23,71
i n v P f:; t j [~ at. eel . In this ~eries the
50 kN j tl all
Ilf' In kN
I ,,) 111 r1in '
With ~., 70 kl'] hor i znnt".a 1
The t.hrep diag,ln:od ('rHI·k,; f('t'med 1'1lJ~lps nf 1?,~~, 47.fl~ ar.d 6!j,4~
wit:h the VI-'r't II :1] n:-'l~; (If t.h!' cCllllmn.
f]PXllre,
to be ~~t.rain
;'11 t hCIIIgh .-jpf1 ect. ion
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would have bp-~n present.
f:trFmgth eonC'rf'rLF~ failFJ(J Rt; mflximum horizont.f1l lOhd of ]16 to 1]7
kN, compared to the
this column {Column
slightly lower' maximum load (jf 107,4 kN for
8A) . In nt-,her words, the 1 CMer c·nnerete
strength decreased the ultimate load with about 7 to 8%.
Again t.he axial load f{t.arted tlJ drop as soon as Use horizont.al
load was applied to tht=> r:olumn before it ~;uddenly :::t.arted tl)
increase as the horizontal load increased further. As pr'ev i ous 1y
mentioned, the first horizontAl 0rack was visible around 8 40 kN
hor i zont;a 1 ] oad. Tht"; graphs of tht? axial l08rls (figt.Jre B.787)
flexure. This was also
axial loads, because the
at that stage. This
by the increasing crack
considerablyincreasedloadsaxial
considerable increase can be explained
widt.hs result.ing in ::t 1p.ngt,hening of the column and t,hus a higher
axial load. The ult.imat.f-o ltXiFd load was neFtrly 20 kN higher than
t.he init,ial axinl ](Jad. t.hiG was an incr'(laSF; of about. 39%.
show that the axi a 1 load f:t;art.ed to i nl~rea8e just before the 40
kN horizont.al ] OFh... Thus t,he graph corresponded favourably wi th
the crack development. of the column. With a 100 kN horizontal
Joad, the column st.arted to fail in
clearly visible on t.he graph of the
Wi th this test only thf:) hot,t.om f;t.rain gauge was measured <>C"..... the
middle f;train gauge did not. show any significant (":hanges in the
previ ous t,pst.s. The graph 0 f tIlt:' ~:t.ra i n at. the rear bott.om of
the column was a very good indication of the failing mechanism of
the col11mn. The fIp.xuraI mechanism wa.s always the dominant
failing mechanism in this test (Column 8A) and thus the ~;t.rain
increased all t.hp. t.ime until t.h8 flexural failure of the column.
At a top deflection of about. 23 mm._ t~he column st,arted t.o fai 1.
At, a top deflect.ion of 47 mm t.he colttmn rp.ai~h an I.dt.imat,e load of
]07,393 kN.
Figures B.120 and B.121 show tb,,=, crack pat.tern aft.er the st.at,ic




H. 8.34 ColuUln 8B. (figures B. 12~~ t.o B. 12~",)
Rl"dnforr:ernent,: Main: 2·-Y16 + 2-Yln (1,r.3 %)
St i rrups: 14-·R8@lfI0
Concrete cover: 23 rom




TABLE B.36: Details of Goocrete cl..lbes from column 8B
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MPa)
ML-8Bl 07/07/88 14/07/88 7 8,40 69,8 373,31 16,59
ML-8B2 07/07/88 14/07/88 7 8,41 - 363,01 16,13
ML-8B3 07/07/88 14/07/88 7 8,41 59,4 379,94 16,87
ML-8B4 07/07/88 14/07/88 7 8,36 -- 377,77 10.),79
ML-8BfJ 07/07/88 04/08/88 28 8,44 - 534,67 '~3, 76
MI.-RB6 07/07/88 04/08/88 28 8,32 - 568,85 25,28
Impact pha§e of test 00 Column 8B
With this impact test the concrete compressive strength was lower
than the reference tests (group 3), to investigate the influence
of tbe lower concret.e sT,rength on the test. Wi th this impact
test it; was t.r:i ed tn introduce an impact load to the cohtlMl which
was more or l8GS in {.he same region as the static fai lure load of
the und8.mag(~d en 1umn SA. The impact loading appl i ec.: to the
column peaked at a load of J73, ~,532 kN. This was t.he ver ..: short
first. peak of the impact load hist.ory and ean thus be ignored.
The second longer duration peak, peaked at a value of 131,3 kN.
This was a little higher thffii the static failure load of Column
RA of 107,393 kN.
During the impact~ a borizont,al crack and t.wo major diagonal
craeks developed. The hori7,(lotal crack was right. at t,he bott.om
of the column. The t.W0 <1 i agcma 1 (~racks formed fmgles of 40,5·
and 59,0° with t.hp ved.ica1 axis ()f t.hp (~o]\)mn. A t.h~rd diagonal
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crack only devAloped late during th.!
the impact test. This i.hird diagonal
29,4 0 with the vertical axis uf the
ser i es one tests, the erackr; (: 1 ('fH~d
damage did not look very serious.
~;i.at.ic test that fnllowed
craC'~" for'med an "ng I e of
r:olIJrnn. Similar t,) the
af i'.er thE' impact I':lnd the
The axial load showed a small decrease before it increased after
the impact loading started. This small decrease was even smaller
than in the previ ous cases, bu t th is (;OU Id be expected becausp.
this concrete's compression strength was very low and thus had a
lower tensile ~trength and therefore would have cracked earlier.
The axial load of eaeh load cell peaked at a value of neally 76
kN. This peak waS nearly 27 kN higher (per load cpl1) than the
initial axial load per load cell.
Static phase of test on Column 8B
After the impact, toest, a r;tatic te~:;t was done on the collJnn to
determine the re~3erve strength of the cr luron. The coJumr. was
step loaded wi th a st~atoi C' bar i zont,a! load in steps of 10 kN.
During thA stoat i c test the hori ZfJnt~a1 craC'ks soon i n,-'reased in
widt.h. The major rl i agonal cracks dev(~ loped !;} owl y find it never
looked as if the column might fail in shear. As mentioned
earlier the third diagonal crack only developed late during the
static test.; and formed an tmgle of 29,4 0 with the vertical axis
of the column. The ot.her two diagonal cracks formed angles of
40,5~ and 59°. The diagonal cracks corresponded reasonably with
that of the static test of Column 8A.
The 80lurnn failed at a !~Ut1,ic horizontal load of 106,387 kN.
This corresponds with a flexural moment of 78,7 kNm Rt the bottom
of the c:olumn. This st.at.ic failure load was a lit.tlt- }nwpr than








Figure B, 122: Cr<1J::l': pa-t,t,ern nf
&.
/ "
-' ,." -- .
•
ut,ber ~;icte uf t,hR column,
Figure B, 123: Crack pat,t,ern





































Figure B.12t,: (~raGk pat,'Lern
(Jf C'I}urnn :~n :~""n fr'om 1'.ho::'
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The axial load immediately started to increase as soon as the
hori zontal load was appl ied to the column. 'l'b is was dlJe to the
widening of the existing cracks in the colwnn (from the impact
test) as soon as the static horizontal load was appl ied. The
axial load per load cell increased from around 49 kN to around
60 kN. This 11 kN increase was lower than the 20 kN of Column
8A, but this can be contributed to the lower strength concrete.
The damaged c:olumn 8B started to fai 1 at a top rieflection of
about 34 mm wh i Ie the undamaged eolumn 8A !itarted to fai 1 at a
top deflection of about 23 mm. This column failed completely at
a top deflection of 42 mm, while Column 8A failed completely at a
top deflection of 47 mm.
Figures B.122 and B.123 show the visible crack pattern on both
sides of the column aft.er the j mpact test. Figures B.124 and
B.125 f3how the crack pat.tern after the static test. F'igures
B.789 to B.8l6 show graphically the recorded test data.
B. 8.35 Column 8C. (figures B.126 to B. 127)
Reinforcement: Main. 2-Y16 + 2-Y16 (1,53 %)
Stirrups: 14-R8@150
Concrete cover: 23 mm








seen from t·be o-t.her ~3 ide of
Fjg:ltl"C B.l??: Failure and




"able B. 37: Details of conr.::ret,e CUb<:H; from column 8e
-
NUMBER CASTING DATE AGE MASS SPLIT FORCE STRENGTH
DATE TESTED DAYS (kg) (kN) (kN) (MFa)
ML8C1 11/07/88 18/07/88 7 8,48 81. 9 405,77 18,03
ML-8C2 11/07/88 18/07/88 7 8,46 - 404,63 17,98
ML-8C3 11/07/88 18/07/88 7 3,49 72,1 404,93 18,00
ML-8C4 11/07/88 18/07/88 7 8,44 - 420,53 18,69
ML--8C5 11/07/88 08/08/88 28 8,46 - 582,93 25,91
ML--8C6 11/07/88 08/08/88 28 8,54 .- 540,35 24,02
Impact phase of test on Column BC
With 1',hi~~ impact. t.'O'st th:~ ('ompressive ::;trengtb was again lower
t,hanthe rt:,ference te:>ts (grolAp 3), to investigate the influence
of thF: lower uoncrHLe strt'mgt,b I)n the test results. With this
i rnpa('1; b;-~;1. it WI'1S tri cd to inLr(Jduce an impaet. load to the
("0 1UlTln wh i dl W8:; 1arge enough to force the column to fai 1 under
t·hp i mpac t 1omli ng. Tilt? tlxial load was the normal 100 kN. The
irnp8C't l(JElding peokccl at. a load of 181,9124 kN an.~ the column
fail~l in shear. There were two cliagonal cracks visible and they
f.lrrned ungles elf ~10, 4 0 :'lncl 29,8 0 'with the vertical axis of the
('ulumn, Thel'p. W~lS ftlsu one smEd] horizontal crack visible right.
I'lt the bet-torn ,)f thp. column. Th ..:· ('olumn failed in shear along
f-:t:at. i chll.y,
d i agonrl1







horizont,f11 10a<1 of 107,393 kN. This ,:;olumn's impact resist.ance
waf3 r,9,4%. h1gb p r t.han the ~t.atic resistance of Column 8A and,
hddi ti'\rJdlly, this column failed in shear compared to the
flexural failure of tJ1e stf1t.if'ally test,ed Column 8A.
IlnforLurJat.ely >.-,()t.lI the st.rain gallges were damaged just after the
irupuct. lO<iding :~t.arterl. and thlJS no furt.her reading~ were
1 noking at. t.he axial load greph:.; <figqres B.818 and R.820) a
small init.ial drop in t.be axinl load can be seen. As wi t.h Column
Th i s ~~ma 11 faIl in
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slightly befor'e the first~ crack develop~d.
lower strengtb concrete than that of the
initial crackt> developed earlier and t,hus th.-: decreuse in t~he
axial load was smaller. After the impact the axial load dropped
to zero which indi0ated that the column fai led complet.ely.
After the impact test, no static test could be done because t.:.he
column fai led completely in shear dl.Jring the impact phase of the
test.
Figures B.126 and B.127 show the visiblp. eraek pattern and the
failure from both sides of the C'!olumn after the impact test.
Figures B.8]7 to B.840 show graphically the recorded test data.
B. 8. 36 Column 80. (figures B.128 and B. ]29)
Reinforcement: Main: 2-Y16 + 2-Y16 (1,53 %)
St.irrups: 14--R8@lflO
Concrete cover: 23 mm




TABLE B.38: Details of concrete cubes from column 3D
NUMBER CASTING DATE AGE MASS SPLIT FORCE STR.ENGTH
DATE TESTED DAYS (kg) (krJ) (kN) (MPa)
ML-8Dl 12/07/88 19/07/88 7 8,42 87.2 432,63 19,23
ML--8D2 12/07/88 19/07/88 7 8,37 - 447,85 ]9,90
ML-8D3 12/07/88 19/07/88 7 8,42 74,4 446,70 19,85
ML-8D4 12/07/88 19/07/88 7 8,39 - 456,85 20,30
MI.-8D5 12/07/88 09/08/88 28 8.39 - 640,76 28.48




lower than thf1f', of the reformlc.- {ZrOllp ~1. t:n
influence of the lower (:on(~r·et.,:: :;tp·rw,.th f,n Ih.·
impact, test it wl':l~; t.rierl to inlT "hv'" ;Hl j/lipUf';
eol umn wbi ch wou ld force the ('oJ lJ!IItJ b, fa i 1 .Hid.-!' t.b •.,- i IIIptV;f
loading condit,ions. Th.~ i'lxial load WJ3~:; thp nor'lHEd 100 kN Tb.,"
impac:t; loading peakf~d ~.1t a vahw uf 164,.i3048 kN and th.2' "ol!l:l!!J
failed in f;hear. There w.:r,::- t,href~ diftgonhl "rr1,.'k!j ·Jl.'.:iblf">1!}fl
the,Y formed nnglf"G of 66,8~, '17.G~ 11nd ~n.~l~ witb th.:: 'Jf>-:rt.j'i1
axif~ of the c,ulurun.
c'ompared to the (,f.her two (T[1I:,kf;.
column failed
t.e:..d.. ecl ~.; t itt j, 'il11 Y (CC)Jumr; 8/\),
f I exu re with a rnnx! filum hur i:..-~ ori :.<:11
add it i (Ina 1] y, ('ollHfln f ("1 i 1eel Hi
column (Column P./\).
j mpact: 1OElcl j ng no
],ooking at the axial lrJar1 gr'f1.phs (figures B. R4~ :1rd R.844) ::1
small initial drop in the oxial ln~rl
8B tb is dpcrease was oncp- aga.i.n very ~;mi'tl ] .
8acb load cell peaked ;01. t fI. l,jgh"l'
initial load p8r lu:d ('ell.
Stellenbosch University http://scholar.sun.ac.za
H. 9 1'ef; t. results,
The best way to
the ·test.fJ i C' in,-"
B.165
cesent, a 11 the rer.;u I ts and thf:' l!leaGqrerrwmts of
the form of grapb~;. In tb i:J sect i on all the




'I'he~:e noise mad.:; it difficlJlt. to see the trend of eaeh
to compare the different, tests with each other. To
these problems a certain dep;ree of smoothing had been
on tbest' fZr<1phs. 'J'h(~sp smoothed graphs are thus also
presented here to mRke this experimental report as comprehensive
as possible. The ~rnoothing was performed mathematically with the
hid of a comput~er program. Smoothing was performed by the method
~-; impl e movi ng (lverage~ COnf] i dering 24 data points for each point
plotted,
~or R8Ch static t0st, four graphs are given:
The deflecT.ions of the column measured 600mm and
15flOrnm from the hottom of the column were plotted against
t.he fl.pp 1 i eel he,r i 2ont.al ] uncI.
?. The f,t,rain of t.he (:onc-ret,8 measured at two posi t.ions on
·the rear (lOO-220mm anJ 690 .. 810mm from bottom) of the column
werr" plotted against t,he horizontal applied load.
3. Th.:? "xial loads on t.:.ht:' (·olIHon. as measured by the two
1')ad e;f', 1 ] f; ,
load.
were plot.t,ed against "the horizont.al f1pplied
-1. A11 tht=· 1{,ads (compreSf] ion and t.erlS i on loads) t.ransferred
from the :;t.eel foot.ing t.o t,he laborat.ory floor were plott.ed
against the horizontal applied load.
1. The first t WE> 1\/(.' f'l'::l}'h:; f'rf'~_~f'!lt Ttlf' m~·a~;urement.s as taken
by t.hE· I Wp 1VP. rnf~Fl:;11 r I til" ,~hal"lrlP1,; 'ind r,=-corded by the
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computers d uri rJf:{ trll:'! impact t,est.
are:
a. Thf.~ impact load.
b. The deceleration of the impacting mass or striker.
c. The right hand axial load cell.
d. The left hand axial load cell.
e. The strain of the concrete measured 100-230mm from
bottom of column.
f. Th(f st.ra i n of the conc:ret.e .,easured 690-810mm from
bottom of column.
g. The aeceleration of the column 600mm from the bottom
of the column.
h. The acceleration of the column 15~Omm from the
bottom of t,he column.
i. The c'urnpr'Cf3f, lOn for(~e under the footing measured
with the 1.4UO no. 2 load c:e11.
j. The compress i on force under the footing measured
with the L400 no. 3 load cell.
k. The t,eosioo force under the footing measured with
the L400 nu. 5 load cell.
1. The t.eosion force under the feoting measured with
the 1.400 no. h load cell,
The output. of t.hese t.we] va channels ."'lrl~· plotted against
t,ime.
cc,ff!pression Inn.ds as w,."ll ;'l~; their :;m(lI,,thf':"d values. plott,ed
against. time.
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show the smooth( values
striker plotted with the
of tbe
measured
4. The next figure show all the external forces acting on
the system combined in one figure.
5. The next two figures show the sum of the axial loads on
the column as well as their smoothed values.
6. The next three figures show the smoothed values of the
accelerations of the columns as originally measured as well
as their smoothed values plotted on one graph.
7. The last figure show the combined strain as measured at
the two mentioned positions, on one graph.
If a static test was done on a column after the dynamic test the
same four graphs as that for a static test only are also given.
(The abbreviation. ISMI, used in figure B.131 means inductive
strain measurement instrument. The ISMI was used to monitor the
accuracy of the st,rai n gauges and was only used with the static
test on Column lA.)
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Fig. B.136: Impact Col 1B
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Fi~. B.137: Axial load Col.IB
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Fig. B.182: Sma. Compo Col. Ie Fig. B.183: Sma. Tens. Col.1C
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Fig. B.194: Strain CuI. 1D Fig. B.195: Accel. Col.ID
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Samples of all the reinforcing steel were tested and all their
test results are given in this section.
Two types of reinforcing bars were used. The main reinforcement
was a high yield steel of 16 mm diameter deformed bars. The
stirrups were a mild steel with a lower yield strength. The
stirrups were 8 mm in diameter and was a smooth type of bar.
The following set of figures show the tensile strength test
results of all the columns reinforcement graphically, as well as
a summary of the test results (figures B.892 and B.904).
The average results of all the tests are:
Y16-Bars: Elasticity Modulus: 207220,4 MPa
Yield Stress: 518,6 MPa
Ultimate Stress: 756,5 MPa
H8-Bars: Elasticity Modulus: 202693,1 MPa
Yield Stress: 376 .• 3 MPa
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C. ENERGY ABSORPTION CHARACTERISTICS OF TUBES
The individual tubes in the energy absorbing system are assumed
to be loaded as shown in Figure C.l, resulting in a collapsing
mode that is assumed to be associated with the formation of four
plastic hinges, goo removed from one another. Applying the
theorem of virtual work and equating the internal and external
work done yields:
2Pc{R«/2) = 4M,..« (C.l)
Where: Pc = Small deflection static collapse load
R =Radius of tube
« =Virtual angle change
~ = Yield moment
It follows that the collapse load is:
Pc:: = 4M,../R (C.2)
But the yield moment at plastic collapse may be written as:
My = (<To W t 2 ) /4 (C.3)
Where: <To =Static yield stress
W =Depth of the tube
t = Thickness of the tube
This leads to:
(C.4)
Noting that the collapsing force increases to approximately 2Pc::
as the deformation of the ring increases, Perrone (123, 124), has
proposed the force deflection curve shown in Figure C.1. The
energy absorbed in the tube would then be:
Energy = 1,5 Pc (2R) = 3<roWt2 (C.5)
Stellenbosch University http://scholar.sun.ac.za
C.2
According to Carney and Sazinsky (21) this approximation of
Perrone is overly conservative and a more accurate expresf~ion for
the area under the load-deflection curve.. equal to the energy
absorbed, will take the form of:
Energy = 1,14(3~oWt2) = 3,42~oWt2 (C.6)
Equation (C. 6) are val id only under static loading conditions.
For the range of strains and strain rates that will be
encountered in this application, Perrone suggested an overall
rate sensitivity factor of 1,6. By replacing 0"0 in equation
(C.6) with 1,6~o, the equivalent dynamic energy absorbed can be
written as:






Figure C.3: Loaded tube and collapse pattern for a perfectly
plasti c material and an approximate force deflection curve
for rings according to Perrone (123, 124).
Stellenbosch University http://scholar.sun.ac.za
